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THEIE CONSTEUCTION AND HISTORY, 



PREFACE. 

A few words of explanation are required as to the reason for republishing the present short article. AVhen 
the writer was asked to undertake the subject of which it treats for the " Encyclopaedia Britannica," he was 
in a great measure induced to do so by the thought that he could so arrange the matter as to produce a 
short treatise which might serve as a text-book for one portion of the course of lectures delivered by him in 
the University of Edinburgh. The publishers consented to the immediate republication of the article 
with this object. There are many existing works on Bridges of far greater value than the present 
little book ; indeed, this branch of engineering is exceptionally well illustrated both by papers on special 
bridges, such as are found in the minutes of the Proceedings of the Institution of Civil Engineers, and by 
large and well-illustrated works, such as " Weale's Papers." Moreover, the mathematical examination of 
the principles by which the form and dimensions of the parts are to be determined has been carried out with 
great accuracy by a variety of authors. The present treatise does not aim at adding much, if anything, 
to the existing knowledge either of practice or theory, but the very completeness with which the subject is 
understood led him to include it as one part of his course of lectures, with the especial object of showing 
how the theory of the strength of materials was applied in practice. The problems by which the stress on the 
component parts of the superstructure of a bridge is calculated are not very complicated, and practice has 
shown very thoroughly the limits within which the results of the calculations may be trusted. The sub- 
ject, moreover, affords excellent examples of the numerous practical considerations which must guide an 
engineer in designing any important structure, and also of the rough and ready methods by which expe- 
rienced men arrive at a very fair knowledge of the probable weight, cost, and general character of a struc- 
ture without entering into minute particulars or details of the design. The present treatise begins, therefore, 
with an elementary essay on the strength of materials, and proceeds to show how the principles laid down 
are applied to the design of the three great types of the superstructure of bridges, namely, girders, arches, and 
suspension bridges. The use of reciprocal figures in calculating the stresses in frames is explained at 
some length. A brief sketch is then given of the several methods of founding piers under water, and 
of the general considerations which should guide the designer in selecting one or another type for a given 
locality. A slight historical sketch concludes the article, Certainly each part has been both more fully 
and more ably treated of in other works, but it is hoped that students will find collected within a moderate 
compass all that is necessary for an elementary study of the design of a bridge ; and when the student has 
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mastered this portion of his professional study, he will not find it difficult to extend the same principles to 
the design of a roof crane or structures in general. 

The elementary essay on the strength of materials makes no mention of the complete mathematical 
theory of the subject, but takes the strictly elementary view, according to which, for instance, a rod under 
tension is treated as a bundle of parallel fibres, all equally strained, and capable of yielding only in one 
direction. The fact that this view of the subject is incomplete, and indeed inexact, is well known to phy- 
sicists, and is forcing itself on the attention of experimental engineers, as may be seen in the works of Mr 
Kirkaldy, who insists on the importance of the contraction which occurs in the section of the rod 
while it is being extended. The elementary assumption, incorrect though it be, is the only one in 
use among engineers, and within certain limits it gives results sufficiently accurate for practical appli- 
cation ; but this word of warning that it is not complete may probably be of usa 

The student will find that there is not much room for further invention in connection with the design 
of the superstructure of a bridge. It is curious to observe the essential unity of arch girder and suspension 
bridge, as illustrated by designs which pass by imperceptible gradations from one type to the other. There 
is hardly a missing link in the chain. What can be done and what cannot be done with existing materials 
may almost be said to have been determined. 

One step lately made has been the improved design of metal arches, and the writer believes it is pos- 
sible in this direction to surpass even the great St Louis bridge recently erected over the Mississipi, but the 
chief advance of late years has been in the methods of founding under water. In this branch of engineering 
the improvements have been very great, and probably these have not reached their limit In one direction 
it may be said that ever}'^thing remains to be done. The genius has still to come who shall teach us how our 
metal structures may be made beautiful 
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§ !• Thifinitio^i^ CLnd Oetieral Considerations. — Bridges are 
"^ structures designed to carry roads across streams, 
gullies, or roads. A viaduct may be distinguished from a 
bridge, inasmuch as the object of the former is to carry a 
road at a considerable elevation above the surrounding 
country, by means of structures, similar indeed to bridges, 
but in which the object of the open spans is to save expense 
rather than to cross some obstacle which could not be passed 
by a level road or embankment. The aqueduct is a structure 
similar to the viaduct, but employed to convey or support 
water. A culvert may be distinguished from a bridge as 
an opening, the primary object of which is to let water 
flow past a road or other obstacle, the object being similar 
to that of a large drain. A large culvert might be called 
a small bridge, and a bridge having long approaches with 
many spans might be called a viaduct The present article 
will treat only of Bridges. 

Every bridge may be divided into two parts, the svh- 
structure and the superstructure. The substructure of a 
bridge consists of foundations, abutments, and piers. The 
end supports of the bridge are the abutments, and the 
intermediate supports are called piers. Piers and abut- 
ments rest on foundations in the ground. A bridge of 
one span has no piers. The superstructure of a bridge 
consists of the roadway and the beam, arch, or chain used 
to carry the roadway from support to support 

The dimensions and design of a bridge depend on the 
nature of the obstacle to be crossed and on the traffic to 



which the road over the bridge is subject. The engineer is 
usually bound to design the cheapest structure which will 
perform the required duties ; he has, therefore, in each case 
to consider whether a small number of large spans or a large 
number of small spans will be cheaper. Large spans will 
be desirable where foundations cannot be easily obtained, 
or where the height of the structure is great. The engineer 
has also to determine whether, considering the prices of 
materials, labour, and transport, one or other form of 
superstructure is to be preferred. The traffic to be accom- 
modated will determine the width of the bridge and the 
load which the superstructure must bear. In many cases 
it will also be the duty of the designer to endeavour to 
combine beauty with utility. Beauty does not require 
ornament or expense, but demands, what may be more 
difficult to supply, correct taste in the designer. 

In Great Britain law prescribes the following minimum 
dimensions for the over and under bridges of railways. 
(An over bridge is one in which the road goes over the 
railway ; an under bridge one in which the road goes 
under the railway. Cher bridges, — Width : turnpike road, 
35 feet ; other public carriage road, 25 feet ; private road, 
12 feet Span over two lines (narrow gauge), generally 
about 26 feet ; head room, 14 feet 6 inches above outer 
rail Under bridges, — Spans : turnpike road, 35 feet ; other 
public carriage road, 25 feet ; private road, 12 feet Head- 
room : turnpike road, 12 feet at springing of arch, and 16 
feet throughout a breadth of 12 feet in the middle ; for 
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public road, 12 feet, 15 feet, and 10 feet in the same places ; 
private road, 14 feet for 9 feet in the middle ; for excep- 
tions the Acts must be consulted. In designing a bridge 
to cross a stream care must be taken to insure that the 
openings are suitable for the maximum floods. 

The locul which the superstructure of a Inridge has to 
carry in addition to its own mass may be estimated as 
follows : — 

1. For a public rood; one hundredweight per square 
foot will represent the weight of a very dense crowd. This 
is greater than any load which ordinary carts or vans will 
bring on the bridge, but of late years traction engines and 
road rollers have be«n introduced, and a weight of perhaps 
10 tons on each wheel on one line across the bridge ought 
in future designs to be provided for. The bri<^e must 
be strong enough to bear this maTimnm weight applied at 
any point, and also to bear all possible distributions of 
the crowd A bridge might be fit to carry the crowd 
uniformly distributed over its surface, and yet fail when 
the crowd covered one-half of its length or width. 

2. For a railway ; the maximum passing load on each line 
of rails may be taken as the weight of a train composed 
exclusively of locomotives. The bridge must be fit to bear 
this load distributed in all possible ways along the line. 
For spans above 60 feet on the usual 4 feet 81 inches 
gauge this load may generally be taken as equivalent to 1 
ton for each foot in length of each line of way, or in 
engineering language, '' one ton per foot run." Where a 
very heavy class of locomotives is in use 11 tons per foot 
run must be provided for. For small spans the distribution 
of the load as a locomotive passes is such that the above 
allowance is barely sufiicient For very small spans of 8 or 
10 feet the maximum passing load is a little more than the 
weight on the driving axle of the locomotive, or say 14 
tons. 

§ 2. Classificaiton, — Bridges are classed, according to the 
design of their superstructure, 9& girders, arches^ and suspen- 
sion bridges. A beam of wood crossing a stream, a brick arch, 
and a platform hung to a flexible wire rope are common 
examples of the three types. The essential distinction be- 
tween the three t3rpes may be said to be, that in all forms of 
the suspension bridge the supporting structure (t.6., the wire 
rope in the above example) is extended by the stress due to 
the load ; in all forms of the arch the supporting structure 
(t.6., the ring of bricks in the above example) is compressed 
by the stress due to the load; and in all forms of the 
beam or girder the material is partly extended and partly 
compressed by the flexure whidi it undergoes as it bends 
under the load, — ^thus when a beam of wood carrying a 
load bends, the upper side of the beam is thereby 
shortened and the fibres compressed, while the lower side 
of the beam is lengthened and the fibres extended. 

Beams or Girders may be of various materials, — wrought 
iron, cast-iron, and wood being chiefly employed. 

Arches may be of masonry, or they may be of wrought 
or cast iron or steel, in which case the compressed sector 
of a ring is usually a continuous and stiff structure. 

Suspension bridges are made of wire ropes or of separate 
links of wrought iron or steel pinned together so as to 
form a chain. The metal beam, arch, or suspension bridge 
may be a continuous structure or an open frame; we shall 
also find that in some designs the several simple types are 
combined so as almost to defy classification. 

Whatever design be adopted, the strength or efficiency 
to carry a given load depends on similar considerations. 
The designer selects that form of superstructure which 
the principles of statics show to be most desirable; he 
calculates the maximum stress which the load can produce 
on each part, and then so distributes his material that the 
maximum intensity of stress on every part shall be a definite 



fraction of the ultimate strength of the material. In metal 
structures, where the above principle can be very perfectly' 
carried out, this fraction varies from one-sixUi to one^ 
third, according to the certainty with which the stresses 
and strength of the materials are known. In stone struc- 
tures the engineer has greater difficulty in calculating the 
stresses on each part, and relies more on empirical rules 
based on long experience. 

L Strength Ain> otheb Pbopebties of Materials 

EMPLOYED IN Br1I>GE& 

§ 3. Classes of Stress. — There are three kinds of stress, 
due to tension, compression, and shearing. Tension tends 
to cause failure by the extension or lengthening of the part 
strained ; compression tends to cause failure by the crush- 
ing of the part strained ; and shearing stress tends to cause 
failure by Uie sliding of one part of the piece across the 
other from which it is shorn offl 

§ 4. Tenacity, or Strength to resist Tension, — When tension 
is applied to a rod or link of any material so as to be resisted 
equally by each element of any imaginary section in a 
plane normal to the direction of the pull, this section, which 
is called a cross section, is said to be subject to a stress of 
uniform intensity. This intensity jt> is equal to the quotient 
of tiie whole pull P divided by the area S of the cross section, 
or 

1. . ...... p-|. 

The ultimate strength of a rod subject to uniform stress is 
proportional to the section S, and the ultimate strength of 
the material is measured by the maximum intensity of stress 
which it can bear, or in other words, by the stress which 
the unit area of cross section can bear ; for example, if the 
unit of force employed be the weight of a ton, and the 
unit of area the square inch, the strength of materials will 
be measured in tons per square inch, or by the number of 
tons which will just tear asimder a rod one inch square, 
great care being taken that the load is so hung on the rod 
as to bear equally on all parts of the cross section. 

The foUo^g table gi^ in tons or Ibe. per square inch 
the ultimate strength /g of some of the materials used in 
bridges : — 

Table I. — Tensile Strength of Materials « /, . 

Name of MateriaL Toni per sq. Inch. 

Wrought Iron Plates 20 to 25 

„ „ Ban and Bolts 25 to 80 

„ „ "Wire 80 to 45 

Steel Plates 80 to 40 

SteelRivets 41 to 48 

Steel Wire 50 to 100 

Cast-iron 6 to 8 

Red Pine 5*1 to 6-3 

Lareh 4to5'5 

Oak 4-5 to 8-5 

Teak 6 to 9 

Lbt. per aq. Inch. 

Brick (specimens of) 250 to 300 

Basalt „ 1000 

Sandstone ,, 285 

Common Mortar 10 to 60 

Hydraulic Mortar 85 to 140 

Roman Cement, 12 months old 46 

Portland Cement, 7 days old 270 

„ „ 12 months old 850to470 

The ultimate strength P^ of a bar with the cross section S 
to resist a stress uniformly distributed over that section 
is given in terms of /, by the expression-^ 

2 Pi = S/.. 

Table I. gives some idea of the tensile strength of the 
materials, but for a full comprehension of the subject special 
treatises, or the article on the Stkenqth of Matebl^ls, 
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most be coosulted. No two specimens of any material ever 
give exactly aimilar reaults. The various brands of iron 
differ much; different specimens of steel differ still more; 
the atreugth is greater vhen the stress is applied along than 
when it is appUed across the fibres. Iron or steel forged 
or drawn down to a small cross section is stronger than when 
in large masses ; the material in small castings is stronger 
than in large castings run from the same batch of metal ; the 
skin is stronger than the rest of a casting. The variations 
to be expected in timber are still greater than those in 
metals, and the values for stones or bricks must in each 
case be speciaU; determined by experiment on the special 
kind to be used. These warnings are applicable to the 
■ubsequeut tables, which give the strength of materials to 
resist other kinds of stress. 

§ 5. Strength to retUt Cruthity. — The law given for 
tension applies to the compression of blocks, so that the 
Strength /, of a material to resist cmshiog may also be 
measured in tons per square inch. Thus the ultimate 
strength P^ of a block of the cross section S, subject to a 
uniform stress, is given in terms of /, the strength of the 
material per unit of section by the expression — 

1 Pi = S/.. 

This equation is not applicable to blocks or stmts of iron 
in which the ratio of the shortest side of the cross section to 
the length is less than about 1 to 6, nor to struts of timber 
in which this ratio is less than about 1 to 10. When this 
limit is passed the strut bends before failing(['t<2e§67), and 
whenever this occurs the essential condition that the stress 
shall be uniformly distributed no longer obtains. The flexure 
increases the stress on the inside of the curve assumed by 
the stmt or pillar, and diminishes it on the outside; but 
the strut will fail as soon as any part of the cross section 
is subject to a crashing stress of greater intensity than /^ 

Table IL — UlHmaie Strength to retiit Crvtkmg=fr 

Nunc at MUotiL Tou pa- X]. lach. 

Wrought Iron IB U 

























Bricks— 

Portland Cemeat, Smonthsold 


Ll».pn«|.toclL 
2«0 



,, poor quality,.. 

BeatEods 

Beat Pin Bricks 



Stooes (Bpecimena) — 

Portland StoDB (on Ijed) 2880 

„ (againBt bed) 2390 

Bramley FaU (on bed) 6100 

„ {againit lied) 2950 

Yorkshire Un&ig (on bed) 6880 

(against bed) 6860 

Granite 6600toll,000 

Scolch Baaalt 8800 

Oreenstone 17,200 

Bandstonea (oidioarj). - 8800to*000 

Chalk 830 to 600 

Biton 420toB80 



§ 6. Strength to retitt Shearitig. — Let a bar AD of any 
material be firmly supported on C, as shown in fig 1, and let 
a strong tool B, say of steel, descend upon it in the direction 
of the arrow, with force sufficient to sever the part D from 
the part A, so that the surface dividing the two parts is in the 
plane of tiie Face of G. This tool is said to ^ear the bar, 
and the reeistance which the bar opposes to this stress is 
called its strength to resist shearing. The tools practically 
used to shear are not quite square at the edge, and 



therefore evi slightly, but for trae shearing the lower face 
ought to be square, and the tool should come down oloaa 




Fig. 1. 

to the support, so that the inner face of the tool slides on 
the outer face of the support. 

Fig 2. represents two iron links jdned by an iron pin. 
If the links are pulled asunder the pin will be shorn 




Kg. S. 

at two places, A and B, and the whole section shorn will 
be twice the cross section of the pin. 

Fig 3 shows a joint where the pin would be shorn in 
four places — A, B, C, and D. 




The strength of a piece of any material to resist shearing 
IB usually assumed by engineers to be proportdonsJ to the 
cross section to be shorn through, and each material may 
consequently be said to have a certain shearing strength per 
square inch; in otherwoids, the ultimate shearing strength 
of the material is the itUentity of stress required to shear 
it osnnder. If, therefore. Pi be the ultimate strength of 
a bar of croes section S to reaiat shearing in n places, and 
if /, be the ultimate strength of the material, we have 
the expression — 

1 Pi-n^.. 

The assumption on which this equation is founded is 
not strictly correct ; indeed, the actual shearing described 
does not correspond with any simple homogeneous stress, 
and the form of the cross section shorn through must exer- 
cise considerable influence on the strength of the piece to 
resist shearing. In a round pin the maximum intensity 
of shearing stress is J of the mean intenaitj, and in a rect- 
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angular pin | of the mean intensity. See Strength of 
Materials. 

The pins which join the Hnks of suspension bridges, and 
the rivets which join the wrought iron plates of girder 
bridges, are subject to shearing stress, and the area to be 
shorn through must be made sufficient to bear the total 
shearing stress on that part of the structure. Wood is 
strong to resist tension, and would be much employed for 
ties but for the difficulty of taking hold of the ends of the 
tie in such a way that these ends shall not fail by being shorn. 

Fig 4 shows the end of a balk of wood with a strap 
bolted to it. This strap would be torn off by the shearing 





Fig. 4. 

of the wood along the dotted lines ab and cd^ with a stress 
which would be much less than that required to overcome 
the tenacity of the wood ; for if the dimensions of the balk 
of pine are 6 in. by 2 in. with an inch hole, its j^ensile 
strength will be 10 x 5 or 50 tons, while if the bolt 
be 1 inch diameter, and be placed 4 inches from one end, 
it could be torn out by shearing 16 inches of the wood; 
now each inch will only resist a shearing stress of 
say 600 lb, so that the bolt would be torn out with only 
4*3 tons. Thus at least eleven such bolts, each 4 inches 
from its neighbour, and occupying 3 feet 8 inches in length 
of this balk, with an iron strap of corresponding length, 
would be required to render the full strength of the balk 
as a tie available. A similar difficulty is met with when 
timber is joined, as in fig. 5, where shearing would take 
place along the dotted lines AB or CD. 




that the extension or compression of a given piece of the 
material of uniform cross section, under a uniformly distri- 
buted stress constant throughout its length, is proportional 
to the length of the piece and to the intensity of the stress. 
Let p be the intensity of the stress in tons per square 
inch, let / be the length of a specimen of a given material 
in any unit, and let e be the extension or compression 

observed in the same unit. Then the expression — is, 

on the above assumption, a constant quantity, and this 
ratio is experimentally found for many materials to be 
sensibly constant for stresses which do not approach the 
ultimate strength. This constant ratio E has received the 
name of modulus of elasticity, and is generally expressed 
in tons per square inch, this being the unit in which p 
is measured. Thomson and Tait {ElemenU of Nat. Phil.) 
call E the "measure of longitudinal rigidity," a better 
name than the modulus of elasticity. The actual extension 
or compression e of any piece of a structure is given by 
the expression — 



1, 



^ E 



where jt> is in tons per square inch; e will be given in terms 
of the unit in which / is expressed. 

Table IV. — Modulus of Elasticity = E. 



Name of Material Tons per aq. inch. 
Wrought Iron. .10,000 to 13,000 

Iron Wire 11,600 

Wire Ropes 6700 

Steel Bars 13,000 to 19,000 

Cast-iron 5250 to 10,000 



Name of Material. 

Slate 

Red Pine 

Larch 

Oak 

Teak. 



Tons per aq. inelu 

5800 to 7100 

650 to 850 

400 to 600 

535 to 780 

1070 



Fig. 5. 
Table IIL — Ultimate Strength to resist Shearing ^f 

Name of MaterlaL Tom per aq. inch. 

Cast-iron 14*5 

Wrought Iron 22 

Steel Rivets 30 to 36 

Red Pine -22 to '85 

Larch '43 to '75 

0ak(Briti8h) 1 

The strengths given here for wood are those obtained by testing 
the resistance to shearing along the grain. 

The strength of wrought iron to resist shearing may be 
taken as practically equal to its strength to resist tension — 
an assumption which facilitates the design of rivetted and 
other joints. 

The strength of steel to resist shearing is less than its 
strength to resist tearing in the ratio of three to four 
approximately. Rivets employed to joint steel plates require, 
therefore, to be larger or more numerous than those em- 
ployed for iron plates of equal dimensions. 

§ 7. Elasticity, — ^When a piece of any material is under 
tension or compression, it is lengthened or shortened by 
the stress, and the amount of extension or compression for 
the same length and stress varies with different materials. 
Approximately correct results are obtained by assuming 



The modulus of elasticity is very generally assumed as 
equal for extension and compression, which is nearly true 
for wrought iron and steel under any stress to which these 
material can be safely subjected. The principle of con- 
tinuity shows that there can be no difference in the value 
of E for positive and negative stresses so long as these are 
smalL The law according to which E varies as p changes 
is not accurately known for any material When the stress 
is small the value of E appears to be more nearly constant 
in wrought iron than in cast-iron, but the change in the 
value of E corresponding to a change from a small stress 
to the ultimate stress is greater in wrought iron than in 
cast-iron. The values in the table cannot be depended upon 
to give very exact results, as the elasticity of different speci- 
mens of the same material varies considerably ; the theory 
is wholly inapplicable when the breaking strain is ap- 
proached ; the engineer, however, seldom requires to calcu- 
late the extensions or compressions when the stress is even 
so great as one-third of the ultimate strength. For the 
same reason the engineer need seldom take account of the 
permanent set caused by stresses exceeding those within 
which the material may be considered perfectly elastic. 
B. D. Stoney, in his work on the theory of strains on 
girders, gives an excellent summary of what is known 
experimentally concerning set and the modulus of elasticity. 

§ 8. Strength to resist Tension or Crushing when the Stress 
is not Axial, — When the resultant of a stress passes through 
the centre of surface of the cross section of the piece of a 
structure, and is normal to the cross section, the stress is 
called axial, and it is usually assumed that this stress will 
be borne uniformly by all the elements into which the 
surface of the cross section may be conceived as divided. 
This is not necessarily true, but it is approximately true for 
the forms usually employed by engineers. When the stress 
is not axial it cannot be considered, even approximately, as 
uniformly distributed ; the greatest intensity of stress will 
occur towards that edge of the cross section which is nearest 
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to the poiut where the resultant meets the plane of the cross 
section. The following considerations allow the maximum 
intensity of stress to be approximately calculated in most 
of the cases which are practically met with. 1. Let the 
cross section (fig. 6) 
have an axis of sym- 
metry XX^, and let 
TYj be an axis pass- 
ing through the centre 
of gravity of the sur- 
face at right angles 
to XXj ; the axis 
YYi will be called the 
neutral axis. 2. Let 
the resultant stress 
pass through some 
point A in the axis 
XXp at a distance Xq 
from the axis YY^. 
3. Let the material 
be such that its 




Pig. 6. 



modulus of elasticity is constant under all the intensities of 
stress which result from the given total stress ; then calling 
the whole force P, the area of the cross section S, the mean 
intensity of stress Pq, the maximum intensity of stress Pi, 
the maximum distance of any point of the cross section 
from the axis x^^ and representing by I the moment of inertia 
(vide § 9) of the surface of the cross section round the axis 
YY,, we observe — ^first, that 

_ P 

and secondly, that the non-axial force may be assumed to 
produce a uniformly varying stress, the maximum intensity 
of which will occur at the distance Xi from the neutral axis 
on the same side as Xq is taken. This uniformly varying 
stress is equivalent to a uniformly distributed stress of the 
intensity p^ and a couple of the moment al, where a is the 
constant rate of increase of the stress. We also know by 
the principles of mechanics that the force P applied at a 
distance Xq from the centre might be replaced by an equal 
force P at the centre and a couple of the moment Fxq, 
Hence we have — 



1. 



Vxq = al, or a = -p . 



But the maximum intensity of stress due to the couple will 
be x^a, i.e., -y^ , and the maximum stress p^^ maybe con- 
sidered as consisting of two parts, — first, the mean intensity 
of stress p^, and secondly, the maximum stress due to the 
couple. Hence we have — 

2. . . . l>x-P, + 5p-Po(l+5f). 

This equation shows that the maximum intensity of 
stress increases very rapidly as Xq increases, and it must 
be borne in mind that the ultimate strength of any member 
of a structure is determined, not by the mean stress, but 
by the maximum stress on any part, for when the part 
most strained yields the structure is weakened thereby, and 
this failure must continue to extend until the whole jdelds. 

§ 9. yote on the Value of 1^ the Moment of Inertia of the 
Cross Section, — Suppose the cross section divided into a very 
large number of rectangles, so small that the distance x of 
the centre of each from the neutral axis may be taken as 
sensibly expressing the distance of every part of the 
rectangle ; then I is the sum of the products of the areas 
of all the elementary rectangles each multiplied into the 
square of its distance from the neutral axis ; or calling the 
area of the elementary rectangle AxAy, — 

1 I = 2a:^Aa?Ay. 



The subjoined table gives the values of I for some simple 
geometrical forms ; the axis in all cases passes through the 
centre of gravity of the surface. 

Table V. — Moment of Inertia = L 



Sarfaee. 


Neutral Axis. 


I. 


Circle, radius r 

Square, side d 

Square, side d 

Rectangle with sides d and b 

Triangle, base b, height d 


Diameter 

Parallel to cue side 
Diagonal 
Parallel to b 
Parallel to b 





Whenever a cross section can be conceived as obtained by 
the addition or subtraction of one surface to or from another, 
both surfaces having a common neutral axis, the value of 
I for that cross section is got by adding or subtracting the 
value of I for one surface to or from that for the other ; 
thus for a ring surface, with external and internal radii r 
and r^, the value of I is — 

The value I^ of the moment of inertia of any plane surface 
S round an axis in its own plane parallel to the neutral 
axis, and at a distance Xq from that axis, is given by the 
equation — 

2 Ii-I + S^oS 

where I is the moment of inertia of the surface round a 
neutral axis, i.^., round a parallel axis passing through 
the centre of gravity of the section. We can thus obtain 
the value of the moment of inertia I of complicated cross 
sections whenever we can divide these into rectangles, 
circles, or triangles ; for then, calling s^, Sp s^, &c, the sur- 
faces of each elementary part, Xi, x^ x^ the distances of 
the centre of each part from the neutral axis of the whole 
cross section, and I,, I^ I^, the moments of inertia of 
each element calculated round its own neutral axis, we 
have the moment of inertia of the whole round its neutral 



3 To = SP.f.2«a:2. 

§ 10. Specific Oravity of Materials. — In order to calcu- 
late the load due to the superstructure of a bridge, and the 
stability due to the weight of the abutments and anchorages 
of arches and suspension bridges, it is necessary to know the 
specific gravity of the materials employed — specific gravity 
being for the purposes of the present article defined as the 
weight of the material in lbs. per cubic foot. The follow- 
ing are the most useful numbers : — 



Table VI. — Weight per Cubic Foot of Different Materials, 

N-neofMterUL ""ISf 2[ S'*' 

Water (pure) at 89W. Fahr 62-426 

Basalt 187-8 

Brick 100 to 136 

Brickwork (ordinary) 112 

Chalk 117 to 174 

Clay 120 

Granite 164 to 172 

Limestoue and Marble 169 to 176 

Masonry 116 to 144 

Mortar 86 to 119 

Mud 102 

Sandstone 130 to 167 

Sand (damp) 118 

Sand (dry) 88*6 

Asphalt 166 

Concrete (ordinary) 119 

Concrete in cement 187 

Earth 77 to 126 

Slate 176 to 181 

Trap 170 

Cast-iron (average) 444 

Wrought Iron (average) 480 

RedRne 30 to 44 

Larch 31 to 86 

Oak (European).... 43 to 62 
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5 1 1. CKange of Length due to Chatuje of Temperaittre. — 
Tke change in tliQ dimensions of structurea due to a 
change of temperatnre exercises a material influence on 
the durability and strength of structures, and must not be 
lost sight of in the design of any bridge of more than 
common dimensions. The following short table gives the 
coefficient by which the length of a bar of each material 
measured in any unit must be multiplied to obtain the 
increase in length (in the same unit) resulting from a rise 
of temperature of 1" centigrade. 

Table Vll. — Coeffieimto/LiRtarExpaTuionperdegrte eatt. 

Co«-inm, Wnmctit too. grilnj (Cnlglciitli), 

0-OOOOU -000013 -OOODOS to -000009 '000012 

'0D00043 
IL BeAUS OR QlRSERS. 

§ 12. External Forces. — The beams or girders of bridges 
are subject to vertical loads, and they are supported by 
vertical reactions at piers or abutments. The sum of the 
loads is, therefore, necessarily equal to the sum of the 
reactions at the points of support ; or calling P and F, the 
weights borne by two abutments (when the girder bas 
no other support), and w^, to^ w^, SiC, the loads on various 
[■arts of the girder, we have — 

1 P + P, = 5w. 

Let L be the distance between the points of support, fig. 7, 



the pier bearing load P, and w the weight of the load per 
unit of length, equation 2 gives 



4. 



P.-^ 



-and F — uw 



2L- 



A ^^ 



ud let X 



Fig. 7. 
r. be the distances of the several loads le 



■■ - . «'i.«'». 

Ug from the abutment bearing the wei^t P ; then, taking 
moments round the point of support at the above abutment, 
we have the upward reactiou at the pier x span — the 
sum of the products of esch weight into its distance from 
the point of support, or 

2. . P,L - Swa, and similarly PL - 2w (L - ») . 
AVhen the distribution of the loads is tnowo, equation 2 
gives the weight borne by each abutment. Applied to the 
cose of a single load W rolling from end to end of a beam, 
calling X the distance of the load from the abutment sap- 
porting the weight P, equation 2 gives 

W(L-^) 



3. 



-andP-- 



Applied to the case of a uniform advancing load such as a 
railway train gradually covering the whole beam (fig 8), 




These equations express the fact that the beam, as used in 
a bridge, is as a whole in equilibrium under a system of 
parallel vertical forces which may be called the external 
foreei, and which are all determinate so soon as the dis- 
tribution of load and the span are given. 

§ 13. Internal Forces. — The external forces coll into play 
certain internal forces. A beam of given design will 
be properly proportioned if each part has just those 
dimensions which are suitable to bear the maximum inter- 
val stress which any distribution of load can bring to 
bear upon it ; and the beam will be properly daigned if 
ita form is such as to enable it to bear the 1(^ with the 
least possible quantity of material A complete analysis 
of the internal forces in a loaded beam would in any 
case be exceedingly difficult aod with most designs impos- 
sible, but it is found by experiment that a beam will bear 
a given load if we provide strength enough to resist the 
horUoiital components of those internal furces which tend 
to extend or compress the beam in the direction of its 
length, and if we also provide against the vertieal com- 
ponents which tend to shear the beam across in planes 
perpendicular to the longitudinal axis of the beam. The 
nature of the horizontal and vertical forces due to the 
elastic reaction of the material wiU be understood by refer- 
once to figs. 9, 10, 11. 

Let a model be made of four stiff light frames of wood 
A, A,, A^ Ag, each say 18 inches deep, 18 inches long, and 
6 indiefl wide (fig. 9). Let these be connected with one 




another by smallcylinders of india-rubber, a 6 c </, aj &j Cj d^, 
and Oj 6, Cj tf . These cylinders must be so attached to the 
fiames as to be capable of resisting both extension and com- 
pression. The whole structure will now have somewhat the 
appearance of a beam, but if it is placed between two sup- 
ports Q, N, it will be found unsuited to curry even its own 
weight, because the middle frames will tend to slip down 
between the two others. 

This tendency will be still better seen when a load is 
placed on the imperfect beam. Fig. 10 shows the tendency 




.D shear off the loaded from the unloaded part of the beam. 
*^8- 8- The frame A, is forced down below the frame A, by a 

calling X the distance covered by the train measnred from shearing stress resisted by the india-mbber in a ver}' 



290 



B E I D G E S 



[b, 



imperfect manner. To make the fmme into a true beam, 
thb tendency of the loaded frame to slip through between 
the others must be counteracted by tongues, T, Tj, Tj, 
projecting from one frame and working in a groove in the 
neighbouring frame (vide § 19). Each tongue ahuuld be 
made so that it does not abut against the bottom of the 
groove, and ia thus incapable of resisting any horizontal 
force — it must neither prevent the whole beam nor any 
part of it from being extended or compressed longitudi- 

I'be structare will now be found capable of carrying 
weights aa a beam. It deflects or bends as in fig. 11 




Kg. 11. 

under the action of a load on Aj ; all the pieces of 
india-mbber above the centre of the beam are then com- 
pressed ; all those below the centre are then extended ; and 
at the sections between the frames the horizontal internal 
forces ace wholly met by the elastic reaction dne to these 
horizontal extensions and compressions. 

At any one section, say at a distance x^ from the support 
Q, the pieces Cj and d^ are just as much compressed as the 
pieces b^a^ are extended; the equal and opposite parallel 
resultants of these forces consequently constitute a couple, 
and the moment of this couple muat be equal to the 
moment of the couple tending to bend the beam at this 
section, or to what is called the bending mometit ; now 
the betiding moment in thia simple case is due to the up- 
ward vertical, reaction Pj at N and the equal downward 
force with which the frame Aj beais on the tongue Tj ; 
for it is clear that, neglecting the weight of the frame, 
if a weight W on frame Aj is borne by two forces P and P, 
at the two pieis, the tongue next N must also bear a 
vertical force Pj and the tongue next Q a vertical force P. 
The stresses borne by the india-mbber pieces are exactly 
the same as if the frame A, were firmly held, and a 
vertical force P, applied to puJl up the right hand part of 
tlie beam, while the tongue Tj acted as a hinge ; tlie 
moment tending to turn the right band part round in a 
left-handed direction would be F, (L-z,). This moment 
is resisted by the elasticity of the india-rubber, which must 
exert an equal and opposite moment round the same point. 
Calling »^, t^ »^ the sectional areas of the pieces of rubber, 
and y^, y^, jj their distances from the axis where the section 
is neither extended nor compresaed, and pj,pj,pj the inten- 
sity with which each piece is strained, the moment due to 
the elasticity of the pieces of rubber tending to turn back 
the left hand part of the beam in a right-handed direction 
will "be 2p>y. Now, if the modulus of elasticity of the 
rubber is constant, the stresses Pi,Pi.Pi will be propor- 
tional to their distance from the unstrained axis ; thus if 
(.is 18 inches from the axis and c, only 9 inches, ij being 
shortened twice ae much oa c,, the stress on b^ wil" 
twice that on r„ and calling a the stress at unit distance 
from the axis we have p, = ay, and p, = ay^, p. = ay., so 
that we may write Ipty •= a2«y^ as tlie expression for the 
moment of the elastic forces. Hence equating the bending 
moment and the moment of the elastic forces, we have 



1. 



P,(L-«) = <iS^«. 



From thia equation when the load is given we may 
determine a, and hence the intensity of the atreaa p = ayaX 
any distance y from the axis. If thia intensity is less Uiaa 
the safe stress for the material, the beam is, at the section 
considered, strong enough to bear the load ra far as the 
horizontal extending and compressing forces are concerned. 

Thus if the dimeiisions of the beam be those given above 
and it be supported ao that L may be 6 feet and the 
distance x^ 2 feet 3 inches, the distance y of the outermost 
piece of rubber from the unstrained axis 6 inches, the 
'eight 50 ft, and the section of the rubber in each row 
inches (two cylinders side by side, each with a section 
of 1 inch) we shall have as the numerical values in 
the above equation, neglecting the weight of the frame 
itself (P, bebg nearly - IS 7), 187 x 45 in. ■= a (4 x 6^ 
-)- 4 X 4^) from which a — 2'64; then the force supported 
by each inch of either of the rows of rubber a, or d^ will 
bep>-8>c2-64-2M2 Tt>; the stress on each of the inner 
rows will be half this amount ; the same equations give the 
load which (so far as that particular section is concerned) 
can safely be placed on the frame A, consistently with a 
given stress per square inch on the rubber. The strength 
required in the tongue T, is still more easily found, the 
strees tending to ahear it off is P^, and it must have a suffi- 
cient cross section to bear that shearing stress. Similar 
reasoning would allow us to calculate the strength of our 
beam at either of the two other sections where the india- 
mbber pieces and tongues are placed. The general relation 
between the external and internal forces in any beam is 
similar to that illustrated by the model ; at any section the 
moment due to the elastic forcea must balance the moment 
due to the external forces tending to bend the beam at 
that section. The problem, therefore, of determining the 
strength of a beam at any section resolves itself, so far as 
the horizontal forces are concerned, into finding exprea- 
siona for these two moments and equating them. The 
equation thus atated will give the maximum horizontal stress 
tluvwn on the material of a given girder by a given load, 
or it will give the maximum load on a given girder conaiatent 
with a s^e stress on the material, or if, as is generally the 
cue in bridges, the load and maximum safe stress on the 
material are given, the equation will allow us to fix the 
dimensions required for the cross section of the beam so 
for as the horizontal forces are concerned. The provision 
to be made for resisting the shearing atreas for which the 
tongues are required iuthe model will be explained in § 19. 

In any solid beam the stresses do not divide themselves 
into horizoDtal and vertical components. This division is 
made by the engineer to simplify his calculations. In the 
beam the actual stress at any point will be the resiiltant of 
the horizontal stress (bome by the india-rubber in the 
model) and the vertical 
stress (bome by the 
tongue in the model). 
The diagram, fig. 12, 
shows the direction of *■ 

the resultant stress at each point of a beam of rectangular 
cross section. The curves are called the lines of principal 
stress. 

§14. Bending Moment and Moment of EUutie Foreea or 
Moment of Street. — The bending moment for a given section 
of a given beam under a given distribution and magnitnde 
of load is the sum of the moments, taken relatively to the 
section, of all the external forcea acting on one of the two 
aegmenta into which the section divides the beam. It is a 
matter of indifierence which segment is considered, but the 
moment on one segment vrill be positive and that on the 
other negative. Let x be the dietance of the section from the 
lefthandahutmentQof any beam of span L (fig. 13). LetP 
be the load borne by abutment Q, and Pj the load boroe by 
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abutment N. Let the load on the beam, including the 
weight of the beam, be divided into any number of equal or 
unequal parts. Let those loads which lie to the left of the 






/J- — ^ 




Fig. 13. 

section be called w^, w^ w^, i&c., and let the distances of their 
centres of gravity from the section be called Z^, l^-, l^. Let 
those loads which are to the right of the section be called 
Ui u^ t/3, and let their distances from the section be called 
^v ^2> ^3 ^^' ^^ ^^® bending moment at the section be 
called M, then by the above definition 

This bending moment is resisted at the section by the 
elastic forces in the beam called into play by compression 
at the top and extension at the bottom, or, in other 
words, called into action by the stresses on the material 
Limiting our consideration to those cross sections which 
have a vertical axis of symmetry, and to those materials 
which have a constant modulus of elasticity for tension and 
compression, it is easy to find a general expression for 
the moment of the elastic forces, which will hereifter be 
designated by the letter /x. Let the horizontal axis ZZ^ 
(fig. 14) be a line along which the material is unstrained, — 




^^ 



Fig. 14. 

all the portions above this line being compressed, and all the 
portions below this line being extended. Conceive the sec- 
tion divided into little elementary surfaces, the area of each 
being equal to the product of the little elementary length 
Ay into the little elementary length Ai, the force exerted 
by the elasticity of this element will be proportional to its 
area AyAz and to its distance y from the axis ZZ^ for the 
longitudinal extension or compression is directly propor- 
tional to this distance ; then calling a, as before, the rate at 
which the stress increases with the increase of y, or in 
other words the intensity of the stress at the unit distance 
from ZZj, we shall have for the force exerted by each 
element the expression ayAyAs. Now, as the section is 



not moved as a whole along the beam in either direction, 
we must have SayAyAo? = 0, that is to say, the sum of 
the positive must be equal to the sum of the negative 
forces. Let the constant quantity aAyAx be conceived 
as the weight ti^ of a thin plate of the area AyAx, the 
moment of this weight relatively to the axis will be try, but 
as we have the 8um of the moments l,ti^ — Say Ay Ax = 0, 
the axis ZZj round which these moments are taken must 
pass through the centre of gravity of the section. This 
axis is called the nevtral axis of the beam {vide^ 18). The 
expression for the force exerted by each element being 
ayAy/iXf the moment of this force, or, in other words, for 
the moment due to the stress, is given by the expression 
ay^AyAz ; then for the moment fi of all the forces round 
ZZj we have—' 

2 ft = aSy^AyA? = aT, 

where I is the moment of inertia of the surface of the cross 
section. This expression fi is Eankine's moment of resist- 
ance to flexure ; it may also be called the moment of the 
elastic forces, or, as suggested by Professor Kennedy, the 
moment of stress. 

The greatest intensity of stress p^ occurs at the greatest 
distance from ZZ^, or at the distance ^d if the depth of 
the beam be called d, and the axis ZZ^ be equidistant from 
top and bottom. In this case we have — 

ad 2p, 

hence we may write for sections with two axes of symmetry, 
and for materials having equal strengths and constant 
moduli of elasticity under tension and compression — 

Now, the general condition of equilibrium between the 
external forces and the elastic forces at the section is simply 
M = fi, hence when the beam does not break we have als( 

d • 



M = 



Whenever the amount and distribution of load on a given 
girder is known the bending moment M is to be calculated 
from equation 1, and then equation 4 allows us to calculate 
Pi ; or if we know the value of /, the ultimate strength of 
the material to resist tension and compression, this equa- 
tion enables us to find what moment M| is required to break 
the beam at that section, and therefore what load distri- 
buted in a given way the beam can bear ; thus we have — 



^1 d • 



2/1 



In a beam of uniform strength the value of -~ will at 

every section be equal to the value of M^, the moment due 
to external forces at that section. 

When the material is not equally strong to resist tension 
and compression, let /« and /« be the two strengths (per 
unit of cross section), but let the modulus of elasticity be 
assumed constant as before. Then, as above, the unstrained 
axis will be the axis passing through the centre of gravity 
of the section, and the intensity of stress at any distance y 
abo^e or below that axis will be ay ; let y« be the distance 
of the uppermost element of the cross section from the 
horizon t£d axis, and let y, be the distance of the lowermost 
element. Then the greatest stress will occur at the top if 
y« be greater than y,, but at the bottom if y^ be greater 
than y« ; since, however, the material is not equally strong 
to resist tension and compression, it does not follow that it 
will give way where the stress is greatest, and the beams 

will yield first at that edge where the ratio ^ is greatest 
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We must, therefore, on a beairi of this kind ascertain 
whether ^ or y is the greater, and replace - in equations 
3 and 4 bjr the value of y in the larger of the two expres- 
sioos. Having selected y and / in this manner, we have — 

e. ".-a. 

§ 15. Modidu* of Rupture. — If the above hypothesis of a 
constant modulns of elasticity in a given materi^ under both 
descripttona of stress, and under stresses of all magnitudes, 
were accurate, we should require no fresh experiments to 
determine the values of/, and/, ; these would be already 
known from direct experiments on tension or compression. 
For both wrought and t»st iron beams of the maviiniini 
strength, such as will be described hereafter, experiment 
gives results closely in accordance with strengths calculated 
by equation 6 ; and for wrought iror. beams the hypothesis 
appears to be approximately true when tested by experiment 
with any form of beam. But it is usual, in calculating the 
strengths of beams or bars of simple rectangular or circular 
cross section, to assume that y is equal to Jif and to employ 
equation 5 instead of equation 6. The imperfection of the 
theory is then to some extent corrected by determining/ 
from direct experiments on solid rectangular bars. The 
value of M,, I, and d being known, /is calculated from 
equation 6, and the number thus determined has received 
the name of modulus of rupture. 

Table yiW.—Modulua of Eupture = / {Rankine), 

Muna at HucrUl. Lin. pa 14. Inch. 

Wrought Iron Plata Beanu. 42,000 

Cait-iron SoUd Bars 33,0(K) to 43,000 

Fagersta Steel (Kitkaldy) 110,000 to 191,000 

Red Pine.,. 7100 t* 86*0 

Larch 6000 to 10,000 

Oak (Briti.ih and Rus«ian) 10,000 to 13,600 

Indian Teak 14,770 

Sandstone ?IO0 to 2360 

Experiments on the modulud of rupture have generally 
been made by hanging weights at the centre uf a rect- 
angular bar, supported at both ends, and increasing the 
weights till the bar breaks. Then let h and d and I be 
the breadth, depth, and length of the bar in inches, and W 
the breaking weight. M is a maximum at the centre, and, 
neglecting the weight of the bar, is equal to JWi ; substitut- 
ing the toIuc of I for a rectangle in equation 3, we get 

and equating M and ;* we have — 

or, if the span is measured in feet and called L„ while b 
and d are measured in inches, we have — 

^- /=-S'- 

Hence the modulus of rupture is stated by Rankiue to be 
" eighteen times the load required to break a bar of 1 inch 
square, supported at two points 1 foot apart, and loaded in 
the middle between the points of support." 

The use of a modulus of rupture determined by experi- 
ment on a special form of beam is not based on any satis- 
factory principle. The employment of this modulus is an 
imperfect means of correcting a defective theory. A dif- 
ferent value la found for/ when bara of different sizes or 
cross sections are tested. Even the same bar broken in 
different ways will give a sensibly different value for / 
The use of tiiis modulus ia, however, convenient when great 
accuracy is not required. 

$16. Eispreitiont for theBending Moment cautedby Special 
Diitributwnt of Load. — From equation 1, § 14, it is easy to 



deduce the following values for the bending. moments in 
beams subject to various simple distributions of load : — 

Case 1. Let a single load W be placed at the centre of a 
beam ; let M, be the moment at any section taken at the 
distance x from the nearest pier ; let If, be the moment 
at the centre of the span, we have — 

1 M, -JW.r, 

2 M,-iW^ 

U, is the maximum moment at any section of the beam. 

Case S. Let a single load W be placed at the distance x, 
from the nearest pier ; let M, be the moment at the sec- 
tion where the load is applied — 



Mi is the greatest moment which the load at that place 
produces at any part of the beam, and increases as the load 
rolls frpm the end to the centre in proportion to the product 
(l-x^ «i of the parts into which the load divides'tbe 
beam. 

Case 3. Let the load be uniformly distributed along 
the beam so that each unit of length beara an equal load 

W 
w y ; when the unit of length adopted is the foot, the 

quantity m is called the load per foot run. Let M, and 
AI. be as before the moments at the centre of span, and at 
any distance x from the nearest pier, we have — 

4 M. = JwP, 

5 U,~\wx(l-x). 

When a unifurm passing load, such as is approximately 
represented by a train of locomotives, of length at least 
equal to the span of the bridge, comes on to a bridge at 
one end and passes over to the other, gradually covering 
the whole span, the bending moment reaches a maximum 
for all sections when the bridge is wholly covered. The 
bending moment at any section for a combination of loads 
is the sum of the moments at that section due to each load 
taken separately. When many different distributions of 
load have to be provided fur engineers are in the habit of 
representing the bending moment for each load by a line, 
the ordiuates of which are the bending moments at the 
sections, and the abscisSEB tbe distances of the several sec- 
tions from one point of support The lines having been 
drawn for the several loads, it is easy by superposition 
to find the bending moment due to the combinati<Mi, 
and thus to pick out for each section of the girder the 
maximum bending mcTment which any combination gives. 
Figs. 16, ISa, \5b, and \fte show diagrams giving the curve 
of bending moments for same simple distributiona 

Fig. Ifi shows the line of bending momenta when a sinitle 



i 
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Fig. IS. 
load of 10 tons hangs at the centre of a span of 60 feet. 
The vertical ordinates measured on the vertical scale givo 
the bending moments at each section. Fig. 15a shows the 
curve of bending moments for a uniformly distributed load 
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of 1 tou per foot niu on a span i>f 60 feel. The upper 
curve in fig. 156 stiun-s tlie curve of bcndiug moments 




when the 
curve 

those 



loads of case 1 and 2 both occur at once. This 
obtained by adding the ordinatea in case 1 to 
case 2. Fig. ISc slows the four separate Hues of 




Fig. ISA. 
bending moment for four separate weights, and the broken 
upper line is the line of bending moments for the case 
when the four loads all rest at once on the beam; it is got 
by simply adding at each point of the span the four 
ordinates due to l£e four loads considered separately. The 
curve in fig. 15a and the curve ABCDinfig. ISeare para- 
bolas. 

The bending moment at any section is reckoned as pod- 
live when the external forces on the beam tend to turn the 
right hand aide of the beam in a left handed direction {or in 
the direction opposite to that followed by the hands of a 
watch), in other words, when the bending moment tends 
to bend the beam downwards between the supports. We 
shall hereafter see that in beams with more than two sup- 
ports the bending moment is at places tugative, tending 
to bend the beam up ; the curve of bending moments is 



drawn below the datum line where the moments are nega- 
tive. Fig. 25a gives an example of a curve of bending 
moments of this class. 
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Fig. IGc. 

§ 17. Moment of Elattie Forett. — On the hypothesis 
above stated, viz., that for any one material the modulus 
of elasticity may be taken as constant for all stresses, and 
assuming that our investigation is to be confined to those 
cases in which the cross section of the beam has a vertical 
axis of symmetry, and in which the centre of gravity lies at 
a point equidistant from the top and bottom of the beam, 
the general equation — 

(3, § 14), allows simple expressions of the value of jit to be 
obtained for all pnlctical cases by substituting for the ratio 
-J its value in terms of the dimensions of the cross section. 
Thus, for a rectangle of the depth d and breadth 6, 

21 2 '^^ — — 
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Table IX. — Val^tetof -r for variotu Crou Sediom. 
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Subetituting tbe modulus of rapture / (Table VIII.), for 
pj in equation 3, § 14, ve can from the above values 
of — calculate the ultimate strength of any given cross 

section to resist any given bending moment Thus, if we 
wish to kuow what breadth we must give a iKtr of wrought 
iron 3 inches deep, supported at points 3 feet apart, so 
that it may break with SOOD lb at the centre, we find the 
maximum bending moment from equation 2, { 16; and 
we find the value of ft from equation 3, $ 14, by the help 
of table IX. Then equating M and ^ we have — 
1 iWL = J/6rf», 

,. , . 6WL 6x2000x36 .,„ 
from which fc=i^° 4,3^43Qoo =-^g6. 

Since the strength of the beam is directly proportional to 
the values of -r, table IX. shows us how to dispose of the 
material in the cross section so as to obtain the maximum 
strength. The expression for a rectangle shows that the 
strength is proportional to the breadth of a beam, but to the 
square of ita depth ; and therefore, as appeara in the second 
colttmn, for the same quantity of material the strength of a 
rectangular beam increases simply aa the depth, so that a 
deep narrow beam is preferable to a square or to a broad and 
flat one. The circular cross section ia weak compared even 
with the square (the ratio (or the same quantity of material 
is 'S46 to 1). The hollow tube is stronger than the thin 
rectangular plate of the same depth and cross section, bnt 
clearly the material is much best applied when wholly used in 
the form of two thin flat plates, separated from one another 
by a web of the maximum depth d which can be practically 
allowed. Thus the hollow rectangle is the form preferred 
for large girders, the material intended to resist the bending 
moment being placed iu the top and bottom members of 
the girder, and kept apart by vertical webs, which add 
somewhat to the moment >(, but which are chiefly employed 
to resist shearing stress, as will be presently shown. 

The X section, fig. 1 6, is that employed for small girders ; 
the moment of its 
elastic forces is 
exactly the same as 
that of a hollow 
rectangle, having the 
■ame values for b, d, 
and d^, and having 
a value for b-y equal 
to 26j in fig. 16 It 
i» usual to neglect 
the strength to resist 
bending moment 
given by the vertical 
web, and to design 
the girder so that 
the top and bottom 
plates are alone 
sufficient to meet ^- l'- 

thia stress. The model, fig. 10, shows at once that to 
obtain the full resistance from the material employed 
to resist tension or compression consistently with a given 
depth, it must all be placed in two horizontal plates at the 
extreme top and bottom of the beam ; moreover, if |S is 
the sectional area of the top or bottom member, and/is 
the stress it will bear (assumed equal for tension and 
compression), the maximum moment which the elastic 
forces can exert is the sum of the moments due to the 
top and bottom members about the axis or tongue, i.t., 
2(i/S X \d) or ^f&d ; or dismissing the idea of an axis 
through the centre of gravity of the section, we may (to 
refer again to the illustrative model) take the moment of 




the elastic forces round the line running throngh the top 
row of india-rubber pieces looked upon as a fulcrum, and 
then the moment of the bottom row will be as before 
\f^, and will be the viluJe mamtnt of the elastic forces. 
Similarly, by taking the bottom row u the fulcrum, we see 
that the moment due to the top row will be the same. 
This moment calculated in either way is the toAo^ moment 
of the elastic forces. This latter mode of considering 
the moment in the simple case of an I or hollow rect- 
angle, enables us to find the value of the moment of 
elastic forces for those cases in whi;h the ultimate 
strength may not be the same for tension and compression. 
Thus, assume that the strength of wrought iron to resist 
tension, or /„ is 25 tons, and its strength to resist com- 
pression, or f„ is 20 tons, then calling S, the area of the 
bottom member at the section considered, snd S, the 
area of the top member, we have for /i the two values 
26 S,[f and 20 S,d ; whichever happens to be the smaller 
will represent the available value of Uie moment of the elastic 
forces. Consequently we must, in order not to waste 
material, design the beam so that the ratio of the material 
in the upper member to that in the lower member ahall be 
6 to 4. That this ratio ought to be adopted ia evident 
from the fact that the strength of the beam will be Lmited 
by that of the weaker member. No structure is perfectly 
designed unless it will when overstrained give way simul- 
taneously in every iwrt The foregoing theoiy, the sound- 
ness of which is boine out by experiment, tacitly assumes 
that, although the strength differs, the modulus of elasticity 
is constant for tension and compression. Tor example, it 
the flanges are made with sections bearing to one another 
the proportion of 4 to 5, the neutral axis (neglecting the 
web; will, assuming K constant, be at a distance from the 
top or Wger flange equal to Jths of the depth ; then the 
intensity of stress varying directly as the distance from the 
neutral axis will for the two flanges be in the desired ratio 
of 4 to 5. Thus we see not only that the X, or hollow 
rectangle, has the advantage of being the best formfor a 
girder, bnt that it allows as easily to arrange the material 
to the best advantage, even when its strengths to resist 
tension and compression are dissimilar. Values of the 
modulus of rupture given above are therefore not to be 
applied to thia design of beam, but the values of/, and/, 
are to be taken from Tables I. and II. In the case of 
cast-iron the member under tension is made with six 
times the cross section of the member under compres- 
sion, the reason being the same as that for making the ratio 
of the upper and lower members of the wrought iron beam 
6 to 4. ^Tllen a cast-iron beam is thus designed, the 
moment which any section can exert will for a given depth 
be proportional to the area S, of the lower flanga Pre 
feasor Hodgkinson veri- 
fied this theory experi 
mentally, and found 
that the ultimate value 
of the moment due to 
elastic forces expressed 
in lbs and inches for 
beams thus designed 
waa ft - 16500 S/f. 
The value of the con- 
stant agrees closely 
with the tensile strength 
of cast-iron. The ex- 
periments by Professor 
Hodgkinson are there [ 
fore consistent with the 
assumption, that al- 
though the strength of cast-iron is very different in reaist- 
ing tension and compressionn, evertheless the modulus of 
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elasdcity is equal under the tvo kiodfrof stress. Fig. 17 
shows the cross Bection usually adopted for cast-iron girders. 

§ 18. Neutral Axit.—tbQ line ZZ„ fig. 14, perpendicular 
to the plane in irhich a beam is bent, and passing through 
the centre of gravity of any given cross section, is called 
the Hfuiral axit of the beam at that pniot. The surface 
Cintainiug all the neutral axes is the Jieatral rarfarr. Prac- 
tical engineers sometimes apply the term neutral axis to 
the Inngitudinal line showing the neutral surface on a side 
elevation, bnt in this article, as in Rankine's works, the 
words will be used as dtfined above. 

When the assumption is made that the modulus of 
elasticity is the same for any given material whether under 
tension or compression, notwithstanding any difference in 
the ultimate strength to resist tension or compression, theo 
it follows, as has been shown, that the neutral surface of 
a bent beam will separate it into two parts, one of which is 
compressed while the other is extended. The neutral axis 
in any cross section then contains the only part of the 
material which is neither estended nor compressed. 

If, however, the average value of E for stresses varying 
between zero and the maximum intensity of compression 
to which the beam is aulijected be different from the average 
value between zero and the maximum intensity of tension, 
then the neutral axis as above defined will not be the hii- 
tlraiMtd axis ; the neutral axis is determined as soon as 
the cross section of the beam is known, being independent 
of the material used ; the unstrained axis may differ in 
beams of the some cross section but made of different tna- 
teriab ; for if the average of E be greater say for compres- 
sion than for tension, this will raise the unstmined axis 
above the neutral axis. It is not improbable that the 
position of the unstrained axis may vary in the same beam 
with loads similarly distributed, but of different magnitude, 
and also with different distributions of load. Uutil ex- 
periments shall have accurately determined the relation of 
E to the inteoaity of stress we have no means of deter- 
mining accurately the position of the unstrained axis. Even 
when E is constant the neutral axis, as above defined, wilt 
not always in practice correspond with the unstTaiaed axis ; 
for insttnce, in a beam which was not only bent across, but 
also compressed endways, the unstrained surface would no 
longer contain the neutral axis ss sbove defined. The un- 
strained surface might be near one edge of the beam, or, 
indeed, if the general compression were large and the bend- 
iog'small, the whole beam might be under compression, so 
that no part was nnatrained. By restricting the use of the 
words neutral axis to the abovo definition, and using the 
words unstrained axis, or unstrained surface, for the second 
idea all ambiguity will be avoided. 

The actual position of the unstrained axis in any beam 
of any material subject to a bending moment depends on 
the relative values of the modulus of elasticity for the 
material under all stresses positive and negative, great and 
•mall ; bat as the simple hypothesis of a constant modulus 
is borne out by experiment in the most important materials, 
it ia unnecessary to pursue this subject further. 

§ 19. Shearing Strut. — -The theory hitherto given shows 
the relation between longitudinal stresses (such as are re- 
sisted by the india-rubber in the model) and the load on 
the girder ; but in designing a girder we have also to provide 
for the shearing stress or transverse force tending at each 
imaginary cross section to make the more heavily loaded 
of the two parts into which it divides the bridge slide down 
past the other. This shearing stress was resisted by the 
tongues of the model. The total shearing stress at any 
section ia the sum of all the vertical forces acting on the 
beam on one side of the section. The shearing stress at 
any section will b« called positive if the sum of the external 
forces on the right hand part of the beam tends to lift that 



portion up. Diagrams may be conveniently uned to show 
shearing stresses, and, as in the case of bending moments, 
the shearing stress at any section due to two or more loads 
is simply the algebraic sum of the shearing stresses due to 
each load. 

Example 1. Load W at centre between supports (fig. 
16); weight of beam neglected. The shearing stress is 



\m 
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Fig. 18. 

equal to JW all along the beam, being the reaction at one 

pier ; the stress is positive to the right of the load, nega- 
tive to the left. 

Example 2. Uniformly distributed load m per foot run 
(fig. 18a). The shearing stress is Jicli at the points of 
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Fig. 18a. 

support, and zero at the centre of the span ; at any section 
distant c from the centre of the beam it is ve. 

Example 3. & single load rolling from right to left of a 
beam of span L (fig. 186). When the load is at the distance 
X from the right hand support the shearing stress to the right 
of the load is W^~, and to the left it is - ^. The 
maximum stress for each section occurs when the load 
reaches that section ; it is positive for the right half, and 
negative for the left half of the beam. 

Example 4. Uniformadvancingloadofvperunit of length 
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(fig. 1&;). When the load covers a lengUi x measured from 
the right hand pier, the shearing stress at all points beyond 
« towards tlie left i" - -^ > when x is greater than jL 
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the aboTe expression gives the maximum stress which can 
occur on that section with any distribution of the given 
uniform load. Thus the maximum shearing stress at the 
left end ocean when the whole bridge is loaded, and is 
- \v!L ; the loazimum stress at the centre occure when the 
bridge is half loaded, and is equal to — \wL. The maxi- 
mum shearing stresses on the other half of the beam occur 
when the load comes on from the left side, and covers more 
than half of the beam; these stresses are equal in amount 
to the stresses in the left half, but are positive in sign. 

The scales in figures 18, 18a, correspond to the shearing 

stresses in examples 1 and 2 for a span of 50 feet and 

loads of 10 tons and 1 ton per foot run respectively. The 

scale in fig. 186 corresponds to the sbearing stresses in ex- 

/ tea per fljol ran 
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In X girders with solid vertical webs the shearing stress is 
practically all borne by the web unassisted by the top or 
bottom members, it being clear that these would fold down 
at the sides under a small fraction of the total stress, 
SufQcient material is therefore employed iii the web or 
upright plates to reduce the intensity of the stress to the 
desired amounk The shearing stress may, however, when 
the web ts a thin iron plate, cause failure by crninpluig the 
web, or causing it to buckle, instead of by shearing it across. 
This tendency is prevented by stifi'eniiig the web with angle 
or T irons rivetted to the sides. Mathematical analysis 
has not yet been very successfully applied to the determina- 
tion of Ute amount of stiffening required ,' experience has 
given asufficient number of examples to guide the practical 
designer. In cast-iron girdera the web is generally much in 
excess of the strength required to resist shearing. 

§ 20. Faetar of Safety.— In designing a girder the load 
which it will have to carry is multiplied by a number called 
the factor of safety, varying from 3 to 6, and the girder is 
so designed that it shall not yield at any point with less 
than the load thus multiplied. If, for inst^ce, the girder 
is practically to carry 1 ton per Foot run, it is designed so 
that at no place shall it break or yield injwiovdy with less 
than Bay 6 tons per foot run. The multiplier is called the 
factor of lafety. The factor of safety is required to allow 
for imperfections in the material as compared with picked 
spedmens, for the wear and tear by which the strength of a 
structure is gradually reduced, for unforeseen loads, fur jan 
and vibmtions, for imperfection of theory, and for the ^ke 
of obtaining stiffness. This last property might be the 
subject of calculation, and in some cases must be separately 
examined. The particular factor employed depends on the 
judgment of the engineer. A larger factor of safety ia 
required for a passing or moving load than for a permanent 
load, there being a greater uncertainty as to the stress 
which may be caused by vibrations or impulses due to what 
ia sometimes colled a live load. Moreover, the mere pre- 
sence of a large permanent load t«nds by its inertia to 
diminish the dangerous effect of the impulses or streases 
due to the passing load, so that the factor of safety ahould 

be chosen with reference to the ratio — - " ■ ' P"™*"? — 

max. permanent load 
being larger as this ratio increases. Raukine recommends 
that the factor of safety should for the moving load ^ 
double that employed for the permanent load. Sometimes 
the factor is more conveniently employed as a divisor to 
deduce the safe stress/, from the ultimate strength/ of the 
material, rather than as a multiplier for the load. Tiaa the 
same nnmber of square inches will be obtained in the tension 
member of a wrought iron girder to bear 1 ton per foot ran, 
whether we use in the calculations 26 tons as the vsJue of 
/, the ultimate strength of the material, and a load to of 6 
tons per foot run, or if we use 5 tons as/j, the safe stress on 
the material, end a load to of 1 ton per foot run ; in short, if 
we call the factor of safety K, we may in equation 6, § 14, 
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ing/i = ^ , we may write 



Fig. I8t 



ample 3 with a single passing load of 14 tons. The scale 
in fig. 1 8c, example 4, gives the maximum shearing stress 
which the advancing load of one ton per foot run can pro- 
duce at each section. As a train leaves a bridge it produces 
the same shearing stresses as when it comes on to the bridge 
from the opposite end, the same portions being similarly 
loaded. The maximum shearing stress due to a passing 
load of this kind changes its sign at the centre of the 
span, as appears by diagram 18c. 



1. . 

The same remark applies, of couroe, to equation 6, § 14. 

§ 21. WeigM of Girders and Soadway.—Wbexi two 
girders are employed for each line of way on a railway, 
the weight of the iron girdera per foot run will, wiUi 
the usual proportions, probably lie between 0'0017L 
tons and 0'0025L tons, L being the span in feet 
It follows from the theory given above, that for similar 
beams the quantity of matenal in the whole girder vill 
be proportional to the square of the length, and, there- 
fore, the quantity per foot run will be proportional to tlM 
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simple length. The coDBtants given above are derived 
from practice. The weight of girders for a common road, 
if placed from 7 to 8 feet apart, will be nearly the same as 
for railway girders of the same span. The weight of a cast- 
iron railway girder (two girders per way) will be about 
0'005L tons per foot run. The weight of the roadway in 
a railway bridge will probably be from 0*14 to 0'22 tons 
per girder, or doable this for each line. For a turnpike 
road with metalling the weight will much exceed this, and 
should in each case be computed. 

§ 22. Daign of a Girder, — (1.) From the span and load to 
be carried the engineer will determine the material and 
form to be employed. Cast-iron may in some districts be 
the cheapest material for girders under 30 feet span. 
Wrought iron I girders are very generally employed for 
spans of from 30 feet to 100 feet; beyond that span 
lattice or framed girders are more usually employed. For 
extreme spans exceeding, say, 300 feet, a hollow rectangle 
or tubular bridge may be used, carrying the road on its top 
or inside the tube. The depth of the cross section is 
limited by the consideration that the web must be suffi- 
ciently stiff not to buckle ; but for this consideration the 
deeper a girder could be made the better. In practice 
the depth ia made from |th to ^^th of the span. The 
engineer will also determine whether he will keep the 
depth of the girder constant throughout or diminish the 
depth at the ends. It is impossible to graduate the 
material so as to give absolutely uniform strength at all 
sections, but by diminishing the depth towards the ends, 
some material may be saved without attenuating the top 
and bottom members to such an extent as to be incon- 
venient. When the general character of the design has 
thus been settled, the engineer will compute the probable 
weight of the girders and roadway or total permanent 
load ; he will next determine the passing load for which 
he intends to provide. 

(2.) The value of M, the bending moment, must next be 
computed for a sufficient number of cross sections of the 
beam, and for various distributions of load. For a small cast- 
iron girder of uniform cross section a single value of M will 
be sufficient, computed for the section at the centre when 
the girder is wholly covered with the greatest uniform load 
and also supports the greatest single load at the centre of 
the span. When, as in larger girders, the design is intended 
to give a structure of approximately equal strength through- 
out, the maximnm value of M should be found for eight or 
ten sections ; this maximum value will be that obtained 
the bridge is wholly loaded with its maximum uni- 
i load and has the maximum single load resting just 
. lijaided in the section in question. 

1^. .) The maximum shearing stress must next be calculated 

ach of the above sections. The designer wiU bear in 
. that the maximum stress occurs at the points of 
>rt, and that at the centre it is greatest when the 
e is half covered with the passing load. 
) The engineer can now compute the number of square 
3 S, and St required at each section in the upper and 
members consistently with the factor of safety he 
)s to employ ; this he obtains from the expressions — 

^'"^AS' 

M 

lere assumed that the best and strongest form of 
s employed, but if a mere square or circular beam 
used, the cross section will be obtained by equating 
les of M and fi, using a safe modulus of rupture fy 
'^ web will next be designed by giving it such a 
s as wUl, with the depth already fixed, supply the 
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number of square inches required to reduce the stress per 
square inch to the safe or proof shearing stress, say 4 or 5 
tons on wrought iron. When the web is a thin wrought 
iron plate it must be stiffened with ± or angle irons. In 
a cast-iron girder the web must have at least the number 
of square inches required by the shearing stress, but the 
exigencies of the foundry generally require a iesign 
resulting in a great excess of strength in this part of the 
beam, except in beams which are tapered towards the ends, 
as in fig. 19. With these beams care must be taken that 
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Pig. 19. 



the taper is not carried to excess so as to leave insufficient 
metal to resist the shearing stress at M and N. 

§ 23. Practical Details, — The designer must be prac- 
tically acquainted with the forms in which his materials 
can be best procured. He must know the sizes in which 
iron or steel plates can be produced, and the forms 
best adapted for castings. Thus, in cast-iron beams the 
thickness of the web is at the bottom made equal to the 
thickness of the lower flange, and at the top to the thickness 
of the upper flange, in order to avoid permanent internal 
strains, which would result from unequal rates of cooling 
after being cast, if sudden changes of thickness in the metal 
were allowed. The engineer must also be familiar with 
the methods adopted of joining the several parts, as with the 
rivetting of wrought iron, the bolting together of large 
castings, the jointing of wood-work. He should also be 
acquainted with the various methods in which roadways are 
constructed and supported on existing bridges, and the 
manner in which the girders are braced one to another, so 
as to prevent vibration and lateral deflection due to the 
pressure of the wind. The examples of bridges described 
hereafter will give some information on these points. In 
long girders provision must be made by rollers, sliding 
plates, or suspension links for the expansion and contrac- 
tion due to changes of temperature. The range in Qreat 
Britain may be taken as about 45° C. If the ends of the 
girder could be firmly secured at a constant distance apart 
this change of temperature would produce a stress of about 
6 tons per square inch in wrought iron, and 3 tons per 
square inch in cast-iron. The result in practice would be 
that any attempted fastening of stone or iron work would 
be torn loose. 

§ 24. Deflection. — ^When a bridge has been erected its 
deflection at the centre under a known passing load is 
generally observed with the object of ascertaining whether 
the work has been properly done, for it is assumed that 
any defective material or bad jointing would increase the 
deflection beyond that calculated on the assumption of 
sound material and perfect workmanship. Sometimes the 
practical test applied is a rough one, a certain fraction of 
an inch being ^owed per foot of span as a safe deflection. 
If an inspector of bridges, having authority, chooses' to 
limit the deflection to a constant fraction of the span, the 
ratio of the depth to the span mu£t be made sufficiently 
great to give the desired stiffness and maintctined constant 
for all spans ; equation 5 below shows that when p^ is 
kept constant and d ia & given fraction of L, the deflection 
V will be proportional to the span. For the proof or maxi- 
mum possible load, Rankine gives as the result of practice a 
value for the deflection of from ^^L to ^^L ; but one 
foot deflection in a span of 200 feet would certiunly be 
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Bive. A depth equal to or greater than Ath of the span 
is certun to give aofficient apneas, and me usual method 
ia to aaaume the depth and then to observe whether 
fixperimeat gives a defection agreeing with that found by 
calculation. The calculation ia made by finding the radius 
of curvature of tiie beam at a series of sectiona, and then 
determining the curve assumed by the whole beam either 
1^ integration or by an approximate graphic method. 
When the curre is known the deflection or versed sine is 
found either from the equations of the curve, or by actual 
meaaurement on the diagram to be presently described. 
Let'R be the radius of curvature of the ncatral surface of a 
beam at a given section, under a load producing a maiiinum 
stress Pj at the outer dements of the section at a distance 
y, from the neutral surface. Consider a short length x of 
the beam fig. 20, Before deflection the length of the 
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outer element ia eqnal to x, but after deflection (if we con- 
Bider the upper member) tite length of the outer element 
will be shortened to «j, while the length of tlie element in 
the neutral surface remains equal to x. By similar 
triangles we have x : *j -^ R ; E - Ji, or E — -^— i but « - *, 

is the extent to which the moat compresaed element ia 
shortened, and by the definition of the modulus of elasticity 

we have E°-, 
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=p, , Hence 

^■"^ 

. . E = 5^. 
Pi 

from which the radius of curvature at any section can be 
obtained in terms of E, y,, and p,, all Imown quantitiee 
with a given -croes section, mat«ti^ and load. Another 
form of the same expression, which ia sometimes more con- 
venient, ia obtained by remembering that M, -> ^ , hence 
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where M ia the bending moment which will produce Pi- 
If p, is made equal to /j the maximnm safe stress on 
the material, equation 1 or 2 gives the minimum safe 
radios of curvature. 



We will first consider the special ease in which the 
beam under consideration ia of t^ual depth and UK^orm 
ttrengtk at aU cross sections, and which we will call a 
beam of class 1 ; these conditiona can only be folfiUed l^ 
any one beam for a given constant distribution of load ; 
the beam of uniform strength for a load at the oentre, for 
instance, will clearly not bo the beam of uniform stroDgtb 
for a uniformly distributed load. In beama of claas 1 
for a given load, both y^ and p^ are constant^ and there- 
fore E, by equation 1, will also be constant throughout 
the whole length of the beam, or, in other words, the 
beam will bend into a circular arc Tite approsnaate 
expression for the versed sine of an arc having a chord L 
and ladins R will therefore give the deflection, and we 
have 

' -?K. 

and employing for E the value given by equaticai 1, we 
have 

4. „.I^, 

8%,' 
and if fi ■■ T^^, we have ' 

* 4Ed' 

If for /}j we substitute f-^, the maximum safe streaa for 
the given materials, equation 4 or 6 will give tlie maxi- 
mnm safe deflection, which may be called Vj ; we observe, 
then, that the safe deflection for a beam of this class will 
be proportional to the square of the span, and inversely 
prmrartional to the depth of the beam. 

ia beams of class I, the d^ections which different loads 
produce nill be simply proportional to the values of p, pro- 
duced by those loads ; Utos, for a given distribution of load, 
the deflection will be simply proportional to the load ; if we 
change the distribution of the load, keeping the total load 
constant, the same rule will give the solution ; for in- 
stance, since a load uniformly diatributed produces only 
half the stress p^ which would be produced by the same 
load at the centre of a beam of the same span and cross 
section, we see that the uniformly distributed load will 
produce only half the deflectiou Uiat would bo produced 
by the same load at the centre of a beam of the same span 
uid same wetton at the eaUrt (both beams belonging to 
class 1). It would not be correct to say that a l<»d uni- 
formly diatributed would produce half tbe deflection pro- 
duced by the same load at the centre of the «aine htam, 
becatise the same beam cannot be uniformly strong through- 
out its length for two different distributions of Iwd. 

We may compare the deflections produced t^ the same 
load on various beama of similar cross section aa follows : 
— By equation 4, § 14, we see that for a given moment 
M, p^ is proportional to = ; moreover, for equal loads, the 

moment M at any cross section similarly placed will be 
proportional to L ; hence we may write 



p, a 



' EkP" 



Substituting this expresaion for p^ in equation 6, we have 



an equation wliich expresses the fact that, for beams of class 
1, the deflection produced by a given total load similarly 
applied will be proportional to the cube of the length, and 
inversely proportional to the breadth and to liie cube of 
the deptL (In X girdera the expresaion breadth must be 
understood aa proportional to S, tiie section of the flange.) 
Passing from beams of class 1 to beams in general, the 
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fandamental differeDce to be obaerred wiU he that the 
carve asBumed by the neutral aurface will not be Uiat of a 
drcolar arc, bo that equation 1 is no longer true. Where, 
howeTor, the law according to which R varies can be stated 
algebraically, integration will give the valae of v. 

Combining equations 2 and 3 for class 1, we have 
w-K-:^, and as M|« LW, we have pa ^r-, Nowthis 

proportional equation can be shown to hold good for beams 
of uniform cross section and oniform depth, which may be 
called beams of class 2, also for beams of uniform cross 
section and uniform breadth, which may be called beams of 
class 3, hence for the three classes of beams we may write 



'IE ' 



where n will have different values in the three classes 
and for each distribution of load. 

Similarly it can be proved, that where beams are so 
designed that the loads produce the same mnTJmiim value 
Pj of the stress on the outer elements, we have the deflec- 
tion proportional to ^, — equation 4 being one case of the 
general law ; we may therefore write 

8 v-n/-^ 

where n^ is a constant differing for each class of beam and 
each distribution of load. 

Table X. gives the values of n and n, for the three classes 
of beam, and for two distributions of load. The value of 
Pi in the case of a beam of uniform cross section applies 
to the stress at the centre ; the stresses elsewhere in that 
beam will be less. 

Taslb X. — Fo/mm o/ n and a^ . 
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In any actual bridge girder the deflection should lie 
between the value calculated for the beam of nniform 
strength and that calculated for the beam of uniform cross 
section. 

§ 25, Graphic Method of finding Deflection. — Divide the 
span into any convenient number n of equal parts of length I, 
BO that n/ •> L ; compute the radii of curvature Rj, R^, Rj 
for the several sections. Let measurements along the 
beam be represented according to any convenient scale, so 
that calling L, and I, the lengths to be drawn on paper, 
we have L ■- oLj ; now let r^, r^, r^ be a series of radii 

such that r, ■■ -r , r, — ^ , Ac, where 6 is any convenient 

constant chosen of such magnitude as will allow area with the 
radii r„ r„ Ac, to be drawn with the means at the dranghts- 
man's disposal Draw a carve as shown in fig. 21 with 
area of the Length L, f„ l^, &c., and with the ladii r,, r,, &c. 
(note, for a length ^^ at eiich end the radius will be inniiite, 
and the curve must end with a straight line tangent to the 
last arc), then let « be the measured deflection of this curve 
fromthestraight line, and V the actual deflection of thebridgej 

we have V = t-, approximately. This method distorts the 
carve, so that vertical ordinates of the curve are drawn to 
a scale b times greater than that of the horizontal ordinates. 
Thus if the horizontal scale be one-tenth of an inch to the 
foot, a « ISO, and a beam 100 feet in length would be 



drawn equal to 10 inches ; then if the true radius at 
the centre were 10,000 feet, this radius, if the curve 




Kg. 21. 

were undistorted, would be on paper 1000 inches, bat 
making & = 60 we can draw the curve with a radius of 
20 inches. If we now measnie the versed sine of an arc 
drawn with a length 10 inches and a radius 20 inches, 
we shall approximately find it equal to 0'64 inches, hence 
V . ^^ '' '^ - 1-54 inches. The vertical distortion of 
the curve most not be so great that there is any very sensible 
difference between the length of the arc and its chord. This 
can be regulated by altering the value of 6. In fig. 21 dis- 
tortion is carried much too far ; this figure is merely used 
as an illustration, and is not to be taken as an example. 

§ 36. When a ^rder has more than two supports it is 
called a amtinuoti* girder. The distribution of the stresaes 
in a continuous girder differs very materially from that in 
a aimple glider, as will be at once apparent by the inspec- 
tion of fig. 22, which shows the way in which a continuous 



# 



Fig. 21 

girder of two spans and two simple girders bend when 
employed to carry equal weights across equal openings. 
The continuous girder when both spans are loaded is bent 
upwards at over the centre pier ; in other words, the 
bending moment at this and neighbouring points is negative. 
The dij«ction of the flexure changes at certain sections, as 
at h. and A|, i.t., the bending moment is positive on one 
side of these sections, negative on the other side ; and at 
the section where the direction of flexure changes the 
bending moment is nU. A.gain, when only one of two 
simple girders is loaded, the girder over the second span is 
not bent in either direction, but with the continuous girder 
there may be a negative bending moment produced through- 
out the whole unloaded span as shown in fig 23. Con- 
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tinuoas girden require less material for the same depth, 
span, and permanent load than simple girders; bat the 
difference is hardly worth consideration, except in large 




^ 






i 




Fig. 23. 




Fig. 24. 



Spans where the weight of the structure is great as compared 
with the weight of the passing load. The necessity of al- 
lowing the girder to expand and contract freely with changes 
of temperature limits the general use of large continuous 
girders to two spans. 

Consider a continuous girder having an indefinite num- 
ber of supports equally spaced ; let the girder be of 
constant depth, uniformly 
loaded, and so proportioned 
as to be of uniform strength 
at all sections. The me- 
thod of desigm'ng such a 
girder has not yet been 
&own, but it may be ad- 
mitted that the design is 
possible. Then, as we hare 
already seen (§ 24), the 
curvature assumed by the 
girder will everywhere be 
constant, ie., ike curves 
will be circular arcs of 
constant radius. The 
points of inversion of 
flexure A and B (fig. 24) 
must therefore in this case 
be at a distance from C and C|p equal to one quarter of 
the span ; for AA^ « AB a A^ B^ &c., and C bisects AA^. 
At B and B^ there is no moment of flexure. The girder 
might here be cut through, and if the ends B and 
B^ were pinned on to the rest of the girder by pins 
capable of bearing 
the shearing stress, 
nothing would be 
changed in the cur- 
vature of the girder 
nor in the distri- 
bution of stress. 
Quite similarly, we 
may suppose the 
ends B and B^ 
of the portion 
BACAiBi to rest 
directly on sup- 
ports or piers in- 
troduced for the 
purpose, the rest of 
the imaginary 
girder being wholly 
removed. We shall then have (fig. 25) the curve assumed 
by a continuous girder of two spans of constant depth and 
uniform strength. The points AA^ of inversion of flexure 
will be at a distance CA from the middle pier equal to one- 




Fig. 25. 



third of the span. The top and bottom members at A and 
Aj might vanuh (if only one distribution of load wears to ba 
carried), for at this point there is only a shearing stress and 
no bending moment. The girder is, as it were, made np 
of three ^rders : BA and A^B^ hang on to AAt, which is 
supported in the middle ; half the weight of AB is borne 
by the pier B ; half the weight of A^B^^is borne by the 
pier Bj ; the rest of the weight between B and B^ is bonne 
by the nuddle pier. Thus let L be the length of one span 
in feet, w the load per foot run, P the load borne by each 
of the end piers, and P« the load borne by the centre pier, 
then we have — 

1 P = >L, 

2 P.=it^L. 

The curve of bending moments can now be calculated for 
each girder precisely as for a simple girder ; the moment 
at any section is equal to the sum of the moments of all 
the external forces on one side of the section ; the beam 
between A and B will be subject to bending moments 
equal to those produced by a uniform load on a simple 
girder if the span BA be similarly loaded. Between A 
and Aj the moments will be negative, ».e., the left-handed 
moment produced by the downward action of all the 
weights to the left will exceed the right-handed moment 
produced by the upward reaction of the pier at B (or of 
the two piers B and C if the section considered lies to the 
right of C). The full black line in fig. 25a shows a 
curve of bending moments for this case. 




Fig. 25a. 

The maximum moment is negative and occurs over the 
centre pier ; let it be called M«. The maximum positive 
moment occurs at a distance from B equal to one-third of 
the span ; let this moment be M«i. Then we have — 

3 M.= -|trL«, 

4 M4 = ^wL«. 

The shearing stresses F|, F^, F«, F., at the points B 
D, A, and C, are 

5 Fj = F. = JwL, 

6 F, = 0, 

7 F. = |trL. 

Fig. 26 gives a diagram of the shearing stresses for two 




Fig. 26. 

spans of 60 feet, with a uniform load of 1 ton per foot run. 

When the beam is of uniform depth and uniform cross 

section, the curves in which it deflects are no longer 

circular; the defect of strength over the centre pier has 
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the effect of iucreaaing the corvatare over it, and shorten- 
ing the distance AA. ; analytu shows that in this com the 
point of inverainu of flexniQ will be at a distance from the 
centre pier equal to '2663L ; then the length of the part 
of the beam subject to a poeitiTe beading moment will be 
■7317L, instead of -QGh as whan the beam was of uniform 
strength ; the load on each of the end piere will be 
'36585uL ; the load on the centre pier I-268fiuL; and 
we have — 

8. . . . . M.-13*1«>L», 
9 M^--0669«>L\ 

10. ... . F,= F.--36585wL, 

11 F^-0, 

12 F.= l-2683wL 

In any actual bridge uniformly loaded the values of the 
moments and shearing stresses will be intermediate between 
those given for a beam of uniform strength and those for 
a beam of uniform cross section. It must be observed that 
the above theory aasumes that the girder is unstrained 
whea being built as a whole ; if, as is often the case, the 
separate spans are separately built and lifted iuto position, 
and then joined on the piera, special provision must be 
made to bring the desired bending moment over the piers 
into existence ; it is obvious that merely joining the two 
independent beams in the upper part of fig. 22 will not 
make these into a continuous girder, such as is shown ia 
the lower figure, — to do this, besides joining the upper and 
lower flanges, we must pull the top flanges together over 
the piers and put the lower flanges under compression. 
This may be done practically by tilting one end, or both 
ends, before the junction at the centre is made, and after- 
wards allowing the ends to sink nntil the curve assumed 
by the girder shows that the required distribution of stress 
has been attained. The complete analysis of the problem 
of continuous girders of any number of spans equal or 
unequal with any number of loads has been given by Mr 
Heppel {Proe. S. S., 1870-71). 

§ 27. Alloteanee/or Weight of Beam, Limiting Span. — 
When the weight of the beam is a considerable and un- 
certain part of the whole load, it can be allowed for as 
follows. Design a beam of the deeired depth and span, 
fit to carry a total load equal to the external or passing 
load W, ; calculate the weight of this beam and call it Bj ; 
the beam so designed will really be fit to carry an external 
load Wj - Ej. Let 6, be the area of any cross section of 
this beam ; let b be the area of cross section required at 
the some point for the be&m of weight B actually necessary 
to carry a total load W. Then since the strength of 
the propeily proportioned girder of constant depth and 
span is simply proportional to the quantity of metal em- 
ployed, and therefore to the area of cross section, wo have 
the proportion 6 ; fij - Wj : Wj - B,, or 



■ »-W^BV 

The weight B is given by the expressioo — 

^ "'i?^- 

The whole load W is given t^ the expression— 



W = 



W,-E," 



For any given design of beam there is a limiting length 
which cannot be exceeded (the beams of different spans 
being ossomed to be limilar in the geometrical sense). 
Let L, be the limiting length of a beam of a given design 
which for the span L weighs B, and carries a gross load 
W, then the ratio of B to W can be shown to increase in 
direct proportion to the length of the span until this ratio 
reaches unity. Hence — 



in. SuaPEKSioM Bbidoeb. 
{ 28. Vaneti£t of Sutptiuion BridgeM.~k very simple 
form of suspension bridge has long been used in Peru and 
Thibet Two ropes are hung aide by side across the gorge 
to be passed, a rude platform is laid on the ropes, and the 
dip of these is sufficiently small to allow the bridge to be 
crossed by men or beasts passing down from the one side 
to the centre and up to the opposite bank. The modem 
suspension bridge consists of two or more ehaint, from 
which a level ^j/at/orm ia hung by suspension rods. Tht 
chains may in some cases be secured directly to the sides ot 
the chasm to be croased, but the configuration of the ground 
seldom allows this to be done. The chains, therefore, usually 
pass over piert, as in fig. 3, Plate XIX., and are led down 
on either side to an ancharage at a considerable distance 
from the piers. The chains between the piers and the 
ancharage are generalJj med to support part ot the platform. 
The chains where they pass over the piere rest on taddUt^ 
which are made of two different types. One construction, 
shown in fig. 27, aliruvs the chain to slip backwards and 




forwards over it with comparatively httle fnction, so that 
the stress on the rope may be taken as equal on both sides 
of the saddle. In the second type, as shown in fig 28, 




the chain is secured to the saddle, which, however, is free 
to move horizontally on the top of the pier With the first 
form of saddle the reenltant pressure on the pier will not 
be vertical unless the cham leaves the pier with an equal 
inclination oa each side, and even when the bridge is de- 
signed with an equal slope of chain on both sides of the pier, 
a change in the distribution of weight due to any passing 
load will cause some departure from the equal slope of the 
chains, and therefore from the truly vertical preaiure on 
the piers. This departure ia easily allowed for in the 
design of the pier. The friction on the saddle renden the 
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a of equal stresses od each side sliglitl; incorrect, 
sad mth this t;pe of saddle care most be t^en to provide 
a^Qst the wear produced by the motioQ of the chain. With 
the second type the nse of roUers under the solid saddle leaves 
the motioQ of the saddle very free ; the resultant preunie 
on the pier is always sensibly vertical, and the chains may 
leave the pier at any angle, equal or unequal The chain 
must in no case be rigidly attached to the pier unless the 
support itself ia free to rock on its base, aa in fig. 29, where 




Pig. 29. 

the place of the pier is taken by cast-iron struts, working 
on a horizontal azia 

Suspenaion bridges are chiefly used for very large spans, 
becaose, aa we shall find, they can be constructed to carry 
the same load with a less weight of material than a beam 
or girder, subject, however, to the disadvantage of flexi- 
bility or deformation under a passiug load, — a disadTautage 
which is very serious where, as in small bridges, the passing 
load is tt large proportion of the whole load, but which is 
of less importance where the chief load to be carried is the 
weight of the stmcturo itself. We will first consider the 
usual or simple suspension bridge, as shown in fig. 2, 
Plate XIX., and will then pass to the various modifications 
introduced to remedy its defects. 

§ 29. Form of Chaw withgiven Load, — Let the platform 
be hung from the chain by equidistant vertical rods ; then 
the load may be treated as hanging from each joint where 
the rods are attached, and will consist at each joint of the 
weight of one subdivision of the cliain and of one sub- 
division of the platform and its load. If the position of 
the vertical tie-rods be assumed as definite relatively to the 
points of suspension, so that the assumed loads on tlie joints 
act at known distances from the points of support, a fcm 
of chain, which will rem^n 
in equilibriom (or undis- 
turbed) under these loads, 
can easily be found by 
the following graphic me- 
thod ;— 

Let the vertical line QN ffig. 
30) represent the whole losd to 
be carried, snd the mbdivimoni ?, 
Q4, 4,B, BC, CD. *o., the ^ 
loads referred to each joint of >. 
tha chsin (QA and NE will be "^ 
the portion of the load referred ' 
directly to the saddle or point of ^ 
ntpport, and will be mmply half -^ 
the weight of the piece of chain 
between the saddle and the joint " 
pin). Let QP and NP b« the 
weights carried by each pier, — 
equal if the distribation of load ii aymiaetKcal, otherwise to be 
determined aa for a girder. Let a horizontal line, PO, represent 
the horiiontal oomponent of the teniion to be allowed on the 




ng. 80. 



chain, or the whole tension on that part of the chain the tangent 
to which It boriiontal ; join with Q, with A, B, &c ; then the 
line* OA, OB, ftc, etve ue alopes of each snccesdve link ss shown 
in tg. 81, where the line parallel to OA in Sg. 80 Ilea between 
tiie two i^aeea containing tha letleti O anJ A in fig. SI, similariy 



Vo 




Fig. 81. 

the line parallel to OB in fig. 80 is represented by the link between 
the two Bpoces lettered O and B in fig. 81, and so forth. The 
line in fig. 81 1;^ between O and Q ponllel to OQ in fig. 80, 
represents the direction of the force on the point of sapport a, 

,.* 1 —.J .-i. .. .1. ii — 4. -f t],g tension on Uie first 

I Bopport. The trianBle 
iqnilibrinin at the point 

_,. __ ^_ is the polygon of forcea 

__ eqiulibriam at the first joint, and similarly each component 
triaosle of fis. 30 represents the eqoilibrated forces at one joint of 
the chain in fig. 81. This theorem is one example of the geneial 
theory of redprocal Ggiires, which will be tieatea hereafter under 
the general bead of " Framee," | 68. 



it carried directly by thi 




When the ma-rinunn dip is given instead of the horijionlal com- 
ponent of the atreaa, it is easy to find the latter from the former by 
the method of momenta when the point is known where tie chain 
will be horizontal; for then, let the link od, fig. 82, be horizontal ; 
let the dip be called y, and let the distances of wcighta 10,, u,, u^ 
ftc.,from thopointof anpportobe called sii, i,, a^ ftc., and let the 



Hy = 



from which H can always be found. 

When the length is given of each link (or portion of the chain 
between the joints where the platform is suspended), and oonse- 

anently the length of the whole chain, the problem of determining 
le tana asEumed under any distribution of load ia difficnlt, for the 
oroportion of the load carried by each mer and the position iMF each 
load relatively to the piers vary when the fiirm of tte chain varies. 
The problem may be solved tentatively, bnt it is sddom attempted. 
The converse problem of findinfj tho losd which will keep a uiain 
in equilibrium when the dimenaions and curve ore given is va- 
fectly easy. 

Fnim a point O, fig, SO, draw a series of lines parallel to the 
given links. At any convenient distance, OF, draw a vertical line 
cutting the lines diverging from O at the pointa Q, A, B, C, D, 
Ac. The vertical loads required to keep the chain in equilibrium 
are proportional to the lengUiB QA, AB, BC, ftc 

§ 30. RdatiimbetKtetitkt Cvrve of Beading MommU and 
tht Curve aauvud by a Loaded Chain. — ^The vertical 
ordinates at the joints of an equilibrated chain, measured 
from a horizontal axis passing through the two pomts of 
support (these being at tiie same level), are proportional to 
the bending moments for similarly chosen sections of a 
girder similarly loaded. 

Let OS consider any joint, say that at which w, is hanging In fig. 

S3. LctVbetfae vertical oomponent of the reaDltantpDiraii the Ul 
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Fig. S3. 

trhen the nme load is cairied hj a giider ; t'hfi\ ^ taking 
about the joint in queatioD, we nava — 

1 Hy,=VI,-tij,:i-u^,, 

bat tlie second member of tiie equation u tiie bending moment m^ 
for the aaction at a diatance I, fi^m the pier in a giidei of gimilar 
apua and gimilarly loaded, thOTefore, whatavei may he the value of 
B, the nluea of y^, y,, y„ ka. , are proportional to the bendins mo- 
ment*. If, then, a curre of bending moments with the oidmates 
mj, tOj, m^, &c., be draim for a given distribution of load, we oan, 
with a pair of proportional compowes, constnict any uombet <tl 
equilibrated curves, by makiug the values of y in these cnrrea aimply 
proportional to the valnea of m in the curve of bendins moment^ 
and by selection among these a curve of any required length may 
be found. If H be muty, the oidinates y^, y„ v„ fee , are equal to 
the bending moments. 

g 31. Chain Loadtd unifor^Y aUmg a Sarimntal Lm4. — If the 
len^hs of the links be assumed mde&nitelv short, the chain undtr 
given simple distribatlons of load will take the form of oompoTA- 
tively simple mathematical curves known at catenaries. The tnie 
catenary is that assumed by a chain of nnifonn weight per nnit of 
length, hot the form geoerslly adopted for saspennan nidgas is that 



» wfll 
be equal to -s~, we see that the horizontal tenmon H at the vertex 



c, calling a the dlstuos from Ihs vertex to the point of nippor^ 



The value of H i« equal to the 

oqi , ^^ ___ 

of the snspemdon bndge. 



flanga, or compression on the top flange, of a giidei at equal span, 
equally and nmitarlj loaded, and having a depth equal to the dip 




trian^e TDO, let FD be tan^t to the carve, FC vertieii, and 
DC horiiontal ; these Hues sides will necessarily be propottional 
ntpeotivelf to the reaultant tenaom along the chain at F, the 



vxr* 



H :T = DC :FC = -5|j- :tw=| : y, 

hence DC is the half of OC, proving the curve to be a patsboU. 

The value of R, the tendoD at any point at a distance x fh)m tbs 
vertex, is obtained from the equation — 

R' = H' + T» = ^+»V, 

2 R = ua!\/l+— , 

* 4y' 

I.et i be the angle between the tangent at any point having the 
co-onliuateB x and y messured &om the vertex, then 

3. t<mi = |. 

Let the length of half the parabolic chain be called «, then 

Sx' 

The following ie the appittiimate expression for the relation be- 
tween a change &l in the length of die half chain and the com- 
sponding change Ay in the dip : — 

s + i. = . + g^jy' + 2y4y + (Ay)'j=«+^ + -y + -8|-' 
or, n^lectiug the last term. 



4yAy 



From these equations the deflection produced by sny given stress 
on Uie chains or by a cbtnge of tempetatore can be cslcolated. 

If the points of support are not at equal height (%. 3S} call the 
heights above the vertex y and y„ and the hoiizontal distances of 
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dy, be 



ng. 85. 

the vertex bom the points of support * and x, i let y a: 
given, and as, z, unknown. 

The horizontel stress at the vertex will be the tame as if the 
bridge were composed of two synunetrical halvee, each' having a 
span 3a: and a dip y, or of two symmetrical halves, with a span av, 
and a dip yi ; in oUiet woid< — 



thus, to find the horizontal position of the vertex, we have only to 
subdivide the span in the ntio ^'y : ^y, ; we may then calciUate 
the strains on one ude of the vertex as for half a bridge with tha 
■pan 2z aud the dip y, and on the other side of the vertex as for 
half ■ bridge with uie span 2x, and the dip y, . The device of jiiers 
of different heights may be used with advantage when it is deaired 
to throw a larger portion of the weight of the bridge on one pier 
than the other, because of a difference in the soondneas of the 
foundatlonB, or for other reasons. The streBsea on the loaded and un- 
loaded portion of the chains between the piers and the anchongs 
are easily determined by methods similar to those which havs been 
given for the stresses on each part of the main span. The same 
methods slso eive the direction of each succesdve link, snd of the 
Snal links leadmg to the anchorage. 

§ 32. PrcKtical Details. — The chains of sospenaioD 
bridges are either long wire ropes or true chsiiis made of 
links pinaed together. Wire ropes allow the strongest 
known material to be adopted, namely, steel wire, which 



304 



BRIDGES 



[SUHPXKSIOK BRIDOBBb 



can be bought in large quantities of a quality which does 
not break with less than a stress of from 55 to 60 tons 
per square inch of section ; charcoal iron wire of the sizes 
used will bear 40 tons per square inch ; common sizes of 
wire for the purpose are from 0"I6 to 0*14 inches, or say, 
No. 9 or 10 Birmingham wire gauge. Three or four 
thousand wires are not unfrequently used in one cable, and 
it is very essential that each wire shall take an equal part 
of the whole stress. It used to be thought necessary to 
ensure this by straining each wire separately either over 
the actual piers, or piers similarly placed, and binding 
them together when hanging, strained by their own weight 
with the dip proposed for the bridge. It was also thought 
essential that each rope should be an aggregate of parallel 
wires, not spun as in a hempen rope. Experiment has 
shown, however, that wire ropes spun with machines which 
do not put a twist into each wire, but lay it helically and 
untwisted, and with no straight central wire, are as strong 
as wire ropes of equal weight made with straight wires. 
They are, however, much more easily made. A number 
of ropes of this kind may, therefore, with more convenience 
and economy be bound together into one cable in the 
manner previously practised for single wires. Care should 
be taken to fill every interstice of the ropes with a bitumin- 
ous compound. 

When the chains are made of links of iron their 
ultimate strength cannot be taken as more than 30 tons per 
square inch, even if the very best material is secured. It 
is doubtful if this ultimate strength can at present be 
surpassed by steel links, for although many steel links of 
greater strength could certainly be obtained, occasionally 
a comparatively weak link will be produced even by the 
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Fig. 86. 

best manufacturers. In designing the Unks care must be 
taken to provide sufficient cross section at the eye, 
AB + CD, fig. 36, as well as at EF. The diameter 
of the pin BC must be such as will allow it to resist 
the shearing stress on it, and the surface of the pin 
and eye from B to C must be sufficient to bear the 
crushing stress. Otherwise, although the pin may not be 
shorn it may be squeezed flat, and the head of the link 
may bulge out and be much distorted under the stress. To 
obtain the necessary surface, without unduly increasing the 
diameter of the pin, the link may be rolled with a head 




Fig. 87. 

broader than the body of the link. The section at OH and 
IJ must also be sufficient to resist shearing. When two 
or more parallel chains are used, care must be taken that 
the rods suspending the platform bear equally on the 



several chains. Fig. 37 shows a plan of securing this. 
Chains of unequal dip should not be used to support one 
platform, for the strain cannot be equally divided between 
them, inasmuch as they must deflect unequally with any 
passing load, or with any increase of temperature. 

§ 33. Aferits and DtfecU of Stuperuion Bridget. — The 
great merit of a suspension bridge is its cheapness, arising 
hom the comparatively small quantity of material required 
to carry a given passing load across a given span. This 
merit may be easily seen by considering an elementary 
example. A man might cross a chasm of 100 feet hanging 
to a steel wire 0*21 inches in diameter, dipping 10 feet; 
the weight of the wire would be 12*75 9^. A wrought 
iron beam of rectangular section, three times as deep as it is 
broad, would have to be about 27 inches deep and 9 inches 
broad to carry him and its own weight. It would weigh 
87,500 &>. ^ iron X beam of the best construction, 10 
feet deep, would weigh about 120 &>, without allowing 
anything for the stiffiening of the centre web which would 
in practice be required. In each case four feet in length 
have been allowed for bearings at the ends of the span. 
The enormous difference would not exist if the beam and 
wire had only to carry the man, although even then there 
would be a great difference in favour of the wire; the 
main difference arises from the fact that the bridge has 
to carry its otm weight. The chief merit of the suspension 
bridge does not, therefore, come into play until the weight 
of the rope or beam is considerable when compared with 
the platform and rolling load ; for although the chain will 
for any given load be lighter than a befun, the saving in 
this respect will for small spans be more thaii compensated 
by the expense of the anchorages. In large spans the 
advantage of the suspension bridge is so great that we find 
bridges on this principle of 800 or 900 feet span con- 
structed at mudi less cost per foot run than girder 
bridges of half the span. The disadvantages of the 
suspension bridge are, however, very great A change in 
the distribution of the load causes a very sensible defor- 
mation of the structure ; for the chain of the suspension 
bridge must adapt its form to the new position of the locul, 
whereas in the beam the deformation is hardly sensible, 
equilibrium being attained by a new distribution of the 
stresses through the material This flexibility of the sus- 
pension bridge renders it unsuitable for the passage of a 
railway train at any considerable speed. The platform 
rises up as a wave in front of any rapidly advancing load, 
and the masses in motion produce stresses much greater 
than those which could result from the same weights when 
at rest; moreover, the kinetic effect of the oscillations 
produced by bodies of men marching, or even by impulses 
due to wind, may give rise to strains which cannot be 
foreseen, and which have actually caused the failure of 
some suspension bridges. On the 16th of April 1850 a 
suspension bridge at Angers gave way when 487 soldiers 
were passing, and of these 226 were killed by the acci- 
dent Anotiier danger peculiar to suspension bridges is 
that the platform may be lifted by the wind, when its 
oscillation will produce most dangerous strains. This 
accident may be prevented by tying the platform down 
to the piers or abutments. Lateral oscillation produced 
by the wind is also dangerous, and even gathered ice 
and snow may be a serious increment to the load on 
these bridges, forming a much more considerable frac- 
tion of the whole weight than where the supporting 
structure is itself massive. Suspension bridges must be 
well cross-braced to resist the action of the wind. They 
can be much stiffened laterally by placing the chains in 
inclined planes, converging downwards to the platfomu 

§ 34. Modifications of the Simple Suspension Bridge.'^ 
Many efforts have been made to design a bridge which 
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shall combine the ligbtneat of the true suBpenBion bridge 
with the Btiffneaa of the girder. Mr Dredge's design with 
aloping rods (fig. 38) gives a somewhat etiffer stracture 




Fig. 88. 



than the bridge with vertical suspeoBioD rods ; the inclined 
rods throw a strain oo the platform, which most be resisted 
either by ties along the central portion, or by struts abut- 
ting against the piers. The stresses on each port will be 
shown under the heading " Compound Structures " {j 62). 
The design fig. 39 has been proposed by mauy, but is 




Fig. 39. 

worthless. The object of the proposers is to support each 
part of the platform by rods which are quite independent 
of other parts of the structure, and which, being originally 
straight, do not alter their form under stress. The un- 
equal stretching of the long and short rods under a Btress, 
or with a rise of temperature, is a radical defect Mr 
Ordish has proposed a plan in which the road ia eapported by 
sloping tie rods, arranged like the struts in £g. 87, inverted. 
Flexible chains, hke that of an ordinary suspensioa bridge, 
carry the weight of these tie rods by vertical rods, which 
keep the sloping rods straight The chain in this form 
is not subjected to unequal loading. Various forms of 
bridge have been proposed, in which, as in figs. 76 and 
78, two chains are braced together. These may be made 
thoroughly stiff bridges, with a moderate increase in the 
amount of metal required for the flexible bridge. They 
will be described under the head of " Frames." Stiffness 
has also been obtained in some structures by using an 
auxiliary girder to stiffen the platform. Tlus is best 
effected by the use for each chain of two girders, each half 
the length of the platform. Tbese girdeia are placed as 
in fig. 40, being hinged together by a strong pin at B, and 




Fig, 10. 

held down by pins at A and A„ which should, however, be 
left free to move horizontally. These girders are not 
sensibly ^trained by the rise and fall of the chains due to 
a fall or rise of temperature ; they can also deflect freely 
as a whole when the chain is deflected under strain ; 
nevertheless, they serve to distribute the weight of a 
passing load over the chain, so that it cannot be aenaibly 
distorted. Rankine has given the following rule for 
designing these stiffening girders. Let u>, be the greatest 
rolling load per foot ran; let x be the half span of the chain; 
let M be the greatest bending moment which the auxiliary 
girders will have to resist (i.e., at the centre of each) ; let 
F be the greatest shearing force (at the end and central 
pins), then 



1 M^-^Wja!*, 

and 

2 F = >i*. 

Each auxiliary half girder is in fact to be designed as a 
beam of half the span of tiie bridge, and capable of carry- 
ing half the passing load per foot nm (but not its own 
weight}. This plan of stiffening is quite effective, but 
adds considerably to the weight and cost of the whole 
structure ; for not only have we to provide these extra 
girders, but extra material in the chains to cany this extra 
dead load. 

§ 35. Maximum Span. — If we assume that wire can be 
obtained which will safely bear 15 tons per square iuch,a rope 
(or single wire) with a dip of -^ik of the span would aafdy 
bear its own weight over a span of about one mile, and would 
not break till the span exceeded 4 miles. With a dip of ^th 
of the span a steel wire rope of the best quality would not 
break until the span exceeded 7 miles. These lengths are 
not given as indicating practical spans for bridges, but to 
show the limits which with our present materials cannot 
be exceeded, however light the passing load may be. 

IV. The Abch. 

§ 36. Oenfrai Detcription. — An arch may be of stone, 
brick, wood, or metal The oldest arches are of stone or 
brick. They differ from metal or wooden arches, inasmuch 
as the compressed arc of materials called the ring (fig. 41, 
London Bridge), is built of a number of separate pieces 




Fio, 41.— Half ElBTBlion anii Half Section of Arch of Loudon Bridga. 



having little or no cohesion. Each separate stone used in 
building the ring has received the name of vouMoir, or 
archstone. The lower surface of the ring is called the 
toffit of the arch. The joiatt, or bed-joints, are the sur- 
faces separating the voussoirs, and are normal to the sofiit. 
A brick arch is usually built in numerous rings, so that it 
cannot be conceived as built of voussoirs with plane joints 
passing straight through the ring. The bed-joints of k 
brick arch may be considered as stepped and inter- 
locked. This interlocking will affect the stability of 
the arch only in those coses where one voussoir tends 
to slip along its neighbour. The ring springs from a 
course of stones in the abutments, called quinne. Tbo 
plane of demarcation between the ring and the abutment 
is called the rprinffing of the arch. The croii:ii of the 
arch is the summit of the ring. The voussoirs at the 
crown are called keyiUmet. The hauncha of the arch are the 
parts midway between the springing and the crown. The 
upper surface of the ring is eumetimes improperly called 
the extrados, and the lower surface ia more properly called 
the intradoB. These terms, when properly employed, have 
reference to a mathemati<»l theory of the arch httte used 
by engineers. The walls which rest upon the ring along 
the sx^, and rise either to the parapet or roadway, are 
called tpandriU. There are necessarily two outer spandrils 
forming the faces of the bridge ; there may be one or 
more inner spandriU. The backing of an arch i 
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masonry above the haunches of the ring; it is carried 
back between the spandrils to the pier or abutment. 
If the backing is not carried up to the roadway, as Is 
seldom the case, the rough material employed between 
the backing and the roadway is called the filling. The 
parapet rests on the outer spandrils. The abutments and 
piers have the same signification as in other bridges. 
The masonry arch differs from the superstructure of 
other bridges in the following respect : it depends for its 
stability on the presence of a permanent load specially 
arranged, and so considerable in amount that the changes 
produced in the direction and magnitude of the stresses 
by the passing load are insignificant. The theories of 
the masonry arch often neglect the passing load entirely, 
and simply teach the student how to distribute the per- 
manent load, so that the voussoirs may be in equilibrium. 
The permanent load consists of the ring, the backing, the 
filling, the spandrils, and the roadway. Inasmuch as the 
ring is that part of the structure which by its special 
strength and arrangement carries the superstructure in 
the same sense as a beam or chain carries it, the arch 
in this article will be treated simply as a ring of voussoirs 
springing from two abutments and loaded with weights, 
some permanent and some passing. Where the backing 
strengthens the arch, it becomes virtually part of the 
ring. 

§ 37. Equilibrium of a Single Voiusoir. — A block, such 
as a voussoir, ABCD, fig. 42, resting on one of its surfaces, 
such as the joint AB 
separating it from the next 
Youssoir, is in equilibrium 
when the resultant of all 
the forces acting upon it 
(including its own weight) 
falls within the supporting 
suriace, while the direc- 
tion of this resultant makes 
an angle <^ with the nor- 
mal to the surface less 
than the angle of repose; 
(the tangent of the angle 
of repose is the coefficient of friction). If the resultant, 
as R^, falls without the surface, the block will heel over, 
pivoting on the edge A. If the resultant, as R^, although 
falling within the surface . of which AB is the trace, 
is yet much inclined to the normal, the block ABCD 
will slide up on the joint AB without heeling over. 
The block, if used as the voussoir of a bridge, must not 
only be in equilibrium under the forces appud!l to it, but 
must also be of sufficient strength to resist these forces. 
The intensity of crushing stress due to the external forces 
must nowhere exceed the safe crushing strength of the 
material This latter condition would in most arches be 
fulfilled by an extremely thin ring of stones or brick if 
the resultant passed through the geometrical centre of the 
joint AB in a direction normal to it. In that case the 
stress on the joint would be a uniformly distributed stress ; 
if, however, the resultant stress passes near one edge, the 
intensity of stress at that edge will be much greater than 
elsewhere, and would indeed be infinite if the resultant 
passed exactly through the edge at A or B ; while, therefore, 
the condition of equilibrium is satisfied if the resultant 
passes within either edge of the voussoir at no great inclina- 
tion, the condition of strength requires that this resultant 
shall not cut the joint very near the edge, and the common 
practical rule is that it shall always fall within the middle 
third of the joint. This rule is based on the condition that 
the pressure on a joint shall nowhere be negative ; in other 
words, that no tension shall occur at any part of any joint. 
The principles explained in § 8 show that the minimum 
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stress on any joint /^^ =» p^ — ^^ > ^^ *^* *^® streas will be 

zero, when p^ = —^ . Let d be the depth of the rect- 
angular joint, and b the breadth ; then 
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hence 
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an equation expressing the condition that the centre of 
pressure lies at the edge of the middle third ; any greater 
value of Xq will give a negative value to py We shaU see that 
the actual resultant is, according to the theory practically 
in use, indeterminate within certain limits ; it is therefore 
useless to attempt to calculate the exact maximum stress 
on any one stone. In the rest of this article the ring is 
to be held to mean the middle third of the actual masonry, 
or brick ring, wherever the theory requires that the blocks 
are to resist practical loads. As bridges are subject to a 
sensibly equal load on all parts of their breadth between 
the parapets, it is usual to consider a portion of the ring 
one foot in width, each other strip being under precisely 
similar conditions. Similarly the joint may be spoken of 
for convenience as the line which is its trace, and the 
edge as the point which is its trace. 

The external forces which act on any voussoir are — 1st, 
the vertical force, being the resultant of its own weight and 
the load which is directly over it ; 2d, the thrust from the 
voussoir above it ; and 3d, the reaction from the voussoir 
on which it rests (fig. 43). It is sometimes difficult to 
determine exactly what portion 
of the superincumbent load a 
voussoir may properly be said 
to carry, but a sufficient ap- 
proximation is obtained for 
practical purposes by assuming 
that the mass vertically above 
any voussoir is carried by the 
voussoir when the back of the 
voussoir is not much inclined. 
If the materials had little co- 
hesion, the direction of the 
force produced by the load 
would not be vertical, but 
inclined at an angle depend- 
ing on the coefficient of fric- 
tion; in practice, the direc- 
tion of the force is uncertain 

and even variable with changes in the condition of the 
superincumbent filling. If, however, the stability of the 
arch is calculated with a reasonable margin or coefficient of 
safety, on the hypothesis that the force produced by the 
load is vertical, there is every probability tiiat the aich will 
be stable under any actual stress which may arise In practice. 

§ 38. Equilibrium of aaiy three Voussoirs; Equilibrated 
Polygon, — The simplest arch would be an arch of three 
voussoirs resting on two abutments, and any actual arch 
consisting of many voussoirs may be considered as com- 
posed of successive triplets, the voussoirs on each side of 
which act as abutments. If, therefore, we can show the 
conditions of equilibrium for three voussoirs we shall have 
determined the conditions for the whole ring. 

Let three vonssoirs be taken from any part of the ring (fig. 44), 
and let the lines 1, 2, and 8 represent the position of the resoltanta 
of the three known loads ti^, %0f, and w^ (including the weight of the 
voussoirs) borne by each voussoir. 

^ Let N A represent the position of the reaction t due to the abut- 
ting voussoir on one side. Let A be the point where the prolonga- 
tion of the line NA cuts the line 1 ; then if the magnitude of Uie 
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forces t and Uj we known, these determine tbe magnitade and 
direution of th« eqnilibnttinRforce fj, which mnst set st A to boUnce 

nAIIandtiiB nmpiitude of Uie force (, be 



Let the direction A 




is fore. 



the line 2 ; then the direction and the magnitude of the equilibrating 
r„„„ , — I.. , — J „ r„ . ^-^'arly the direction of this force 
nith tbe line 3, and finally 



IB for f, ; idmilarly the direction 
1 with the line 3, an 
le direction, mii^itnde, and poai- 



force L can be foond 

gives the point C by L 

obtain, by the resolution of force 

tion of the force (^ by means of which the reaction of the second 
abutment will keep the system in equilibrium. When the position 
and magnitude of ( are Imown, the position and magnitude of aU 
the other forces are determinate ; the conditions of equilibrium are 
that the lines NA, AB, BC, and CQ, shall not cut the joints above 
or below the edges a or b, for in that case the blocks wouid heel 
over on the edge beyond which the resultant passed ; also, the 
direction of the lines NA, AB, fcc, must be meh aa not to eiceed 
the angle of repose with the normal to the joints, otherwise one 
stone will slip on the other. The abutment producing by its reac- 
tion the force t, must not yield with a less force than (j, and must 
not be pushed forward so as to produce a greater force than (,. The 
hue NABCQ, if inverted, is in form identical with that which a 
cord would assume, loaded at the points A, B, and C, with Uie loads 
1, 3, and 8, and having the direction of MA determined. This line 
wil^in the rest of this article, be called an tquUibraUd polygon 

When the joints are supposed indefinitely near, or the vonaaoira 
thin sheets, the equilibrated polygon becomes a curve called a linear 



The reasoiUDg applied to three blocks ia dearly applicable 
to any number, and we may therefore say that any seriea 
of loaded TousBoira will be in equilibrium when a reaction 
of known magnitude and direction is applied at one 
abutment, provided the equilibrated polygon required by 
this reaction and tbe given bada can be drawn so that its 
aides cnt all the joints within the ring (or within the 




middle tnird, where atrength is an element of the queationj 
at an angle greater than the complement of the angle of 
repose for the material used. An equilibrated polygoi., 

ABC Q, for a complete arch ie shown in fig. 16 Fig. 

45a is the diagram giving the slopes KJ, JI, Ac., m for the 
loaded chain fig. 30 and 31 



$ 39. It will be shown in next paragraph that the arch 
wOl be in eqoilibriam if with any value of the horizontal 
thrust h an equilibrated polygon can be drawn fulfilling 
the conditions required. In moat arches equilibrated 
polygons fulfilling these conditions can be drawn with 
values of A varying between two limits differing by a 
considerable amount. In that case the smallest value of 
A will be the true value, and give the true stresses ; for the 
abutments being inert will not give bock a greater thrust 
than is just required to baUnce the structure. This would 
render the thmst A determinate if the equilibrated polygon 
might actually approach the true edge of the ring, but as 
this would require inSnitely strong materials, we are still 
left in uncertainty as to the true value of A, but may feel 
sure that it will be the smallest value consistent with a 
safe stress on the material If we provide abutments 
capable of reacting with a force A sufficient to keep the 
equiUbrated polygon (where it cnta the joints) within the 
middle third, our abutment will certainly be amply etrong 
enough, and this is the value of A to be adopted in all 
practical calculations of the stability of an arch. 

In the example with the three vousaoira it b clear that 
equilibrium would be obtained with very widely different 
reactions t at the one abutment. And this fact is also 
true for a bridge of many vousaoira. The vertical com- 
ponent (which may be called v) of this total thruat t is 
indeed determinate if we suppose the point where ( cuts 
the joint to be known, being the same as the vertical reac- 
tion from a beam carrying the same weights and supported 
at the points where t and v cut the abutments ; but the 
horizontal component or horizontal thrust, which haa been 
called A, cannot be determined by any considerations 
hitherto mentioned. 

$ 40. Experimental Demoaitralion that the Equilibrium 
qfateriegof 7ous»oir» is itable if any Equilihrated Polygon 
can be drawn futfitUng Che eonditione ttated above. — Let un 
suppose an arch, fig. 48, to be coostracted, the bed-joints 
of which are not plane but curved, so that each stone touches 
its neighbour only along a horizontal Kne, the trace of 
which in a drawing may be called the point of eontaet. 
Such an arch will differ from an ordinary arch in this 
respect, that the centre of pressure at joints will be ahown 
by the pointa of contact, while the stones will be able by 
rolling to alter the pointa of contact if not in equilibrium. 
In such an arch the voussoirs in the hrst place may be put 
together so aa to touch at any desired series of points, 
but the forces called into play when external support in 
withdrawn will rearrange the voussoirs ao as to bring them 
into equilibrium, if any equilibrated arch consistent with 
the loads can be drawn ao that the lines forming it cut the 
joints inside ^e ring, and a model will show the pointa of 
contact, or, in other words, the places where these lines cut 
the joints. (It is assumed that the obliquity of the sides of 
the polygon to the joints which they cat is insufficient to 
produce slipping.) 



stones, fig. 
,t that the 



An actual model «haws the action very prettily, bat the follow- 
ing considerations will easily allow the student to see how it is that 
the voussoirs always arrange themselves so as to build a true arct 

Suppose, first, that the arch consisted merely of three stones, fi 
*8, and that the weight on the centre one was so great U"' " 
linear arch, or equilibrated polygon, became sensibly t\ ' 

straight lines like rafters. Aa soon as the ■" ' '- 

wives, the pressore at the 

surface a, i,, will lie in on_ ^ — _ — , , „ . . . 

stlsight line ftom the other abutment, will give one equilibrated 
polygon, satisfying the required conditions ; but if the horizontal 

required for this polygon is not supplied by the abntment^ 

no forces at joints 1 and 2 will, as shown by the smsU 
arrows, constitute a couplo tending to turn the stone A 

, j> that the point of contact at joint 1 will be lower, and 

the point of contact in joint 2 will be higher than before. The 
same action will occur in stone C, and the reanlt will be that tlu 
weight may be balanced with a smaller harinmtal force. At the 
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same time the rotation of the stones A and C, couBled with the 
descent of B, tends to push back the abutments N and Q, and 
therefore to increase their horizontal reaction supposing them to be 
stable. If the abutments N, Q continue to yield, tne stones A 




Fig. 46. 

and B will continue to turn until the points of contact reach a, 
and a,, or ftj and 64. The horizontal thrust which the abutments 
require to meet will therefore diminish as the stones turn, and 
the little structure will only fail to support the weight in case the 
abutments N and Q are insufficiently strong or stable to supply 
the minimum thrust consistent with an equilibrated polygon 




Fig. 47. 

cutting the joints inside the ring (or in case the polygon 
cut the joints at such an angle that the stones slip). If, on the 
other hand, the abutments were so made as to press m upon A and 
C with a greater horizontal force than is consistent with two lines 
of pressure passing through the actual points of contact, then, as in 
fig. 47, the direction of the couples on the stones A and B would be 
reversed, and they will roll round so as to bring the points of 
contact more nearly into the position required to meet an excessive 
horizontal thrust, and at the same time the changed position of the 
stones, by allowing N and Q to come forward, will tend to relieve or 
diminish the original excessive horizontal thrust, where this is due 
to the elasticity of the stones N and Q, or of the stones supporting 
these abutments. The structure will not fail unless the points of con- 
tact reach a^ and a^^ or 6, and b^, when the structure would fail by the 
sides being squeezed in, and the stone B being lifted up out of the 
arch. This could not happen with stones of the proportions shown 
in fig. 47, as before the liiniting position was reacned, the points of 
contact would lie on a straight line corresponding to an infinite 
horizontal thrust In conclusion we see that, whether the hori- 
zontal force supplied by the reaction of the abutting stones be too 
small or. too great, the three voussoirs tend to move so as to adapt 
the centre of pressure and the actual horizontal force to one another. 
The equilibrium produced is stable, that is to say, if by some 
external force the arrangement of the blocks is slightly disturbed, 
when the force is removed the blocks return to their original 
position. In the above demonstration it is assumed that the blocks 
when first put together touch at some point not far from the centre 
of the bed, — a condition corresponding to reasonably good fitting in 
the case of the plane joints of a stone arch before me centring is 
removed. 

If a model be prepared (fig. 48), having a number of voussoirs 
of wood with their bed-joints slightly curved and roughened, the 
result of the above theory will be very clearly and beautifully seen. 
The action explained in the case of three blocks holds ^ood for any 
three, and therefore for the whole series. If an additional weight 
is placed at the crown, as in fig. 48, the crown is a little lowered, 
but the curve passing through the lines of contact rises at the crown 
and is lowered at the haunch by the rotation of the blocks, until 
the lines of contact at the joints arrange themselves, so that the re- 
sultant pressures forming the imaginary polygon pass through these 
lines of contact. If the extra load be placed at the haunches the 
crown rises, but the points or lines of contact between the voussoirs 
are lowei'ed at the crown and raised at the haunches, as in fig. 48a. 
If one haunch only is weighted, the curve passing through the lines 
of contact rises at that haunch and is lowered at the other, as in 



fig. 485 ; if the model be distorted by the hand it oscillates np 
and down on each side of the position of equilibrium, as a string 
simikrly loaded would do. Figures 48, 48a, and 486 are taken from 
photographs of a model. (It should be remarked that the abnt- 




Fig. 48. 

ments were screwed to the supporting board ;. it is obvious that 
otherwise they would not have been in equilibrium.) The general 
character of the curve passing through the points of contact may 
be easily conceived by thinkmg of a string similarly loaded and 




Fig. 48a. 

inverted. The equilibrated arch will be one of those forms which 
a string might take when similarly loaded, but when the load is 
chaug^, the length of the curve wUl not be constant in tbe arch, 
whereas it must be constant with any given chain. The curve pass- 




Fig. 486. 

ing through the points of contact corresponds with what Moeeley 
called the line of resistance. The direction of the pressure is not 
necessarily tangent to this curve, but in the ordinary form of bridge 
it is nearly so. 

In the model each voussoir is free to roll, because the bed-joints are 
curved. In an actual bridge the bed-joints are plane, nevertheless, 
the stones do turn round to adapt themselves to the pressure, but 
the result of this rotation is to render the compression along the 
upper and lower halves of the stone uneoual. One edge is more 
compressed than the other ; the couple tenoing to turn the voussoir, 
and actually allowed to do so in the model, is met bv an equal and 
opposite couple, due to tiie unequal compression of the stone. 

This couple is the necessary result of a pressure which is not axial, 
vide § 8 ; an equilibrated polygon cutting the joints at various dis- 
tances from the centre is therefore as correct an indication of the 
actual forces present in a practical arch with flat joints as in the 
model with curved joints ; out we must remember that where the 
joints are flat, the pressure will be unequally distributed wherever 
the line of the equilibrated polygon does not cut tlie centre of the 
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joint. Greater or less elastic resistance in the stone corresponds to 
greater or less curvature in the surface of the joint. A small dis- 
tortion of the arch will restore equilibrium when the curvature is 
great, or when the stone has a lugh modulus of elasticity. The 
ring with plane bed-joints is in stable eauilibrium, and adapts itself 
to new distributions of load for precisely the same reasons as the 
model with curved joints, but in tne one case the couple called into 
play to move the voussoir is actually cancelled by the new ^si- 
tion which the points of contact assume ; in the other case it is 
balanced by the equal and opposite couple resulting from the 
resistance to motion due to the nardness of the stone. 

The preceding paragraph showed how to determine 
whether an arch was in equilibrium when a known reaction 
was applied at one abutment ; the experiment and reasoning 
now given show that the incipient 3delding of an arch under 
loads will produce a reaction at the abutments suited to 
keep the whole ring in equilibrium, provided only an equi- 
librated polygon can be drawn, cutting the joints within 
the ring at suitable angles. 

§ 41,. Practical Investigation of the Stability of a given 
Arch under a given Load — Joint of Rupture. — This investi- 
gation resolves itself into finding that equilibrated polygon 
or linear arch which can be drawn within the (middle 
third of the) ring from the crown to the lowest possible 
joint of the ring (or to the springing if this be possible). 
This lowest possible joint must in any case be treated as 
the springing of the arch, and if the linear arch goes out of 
the (middle third of the) ring above the actual springing, 
as will be the case in all semicircular or elliptical rings, 
masonry must be provided in the backing capable of taking 
the actual thrust into the abutment and constituting the 
real arch, which often differs widely from the form indi- 
cated by the ring of stones in the face. The linear arch 
in a circular or segmental bridge loaded simply by its own 
weight generally has a smaller radius of curvature than the 
ring at the crown^ and a much larger radius towards the 
haunches. Consequently, the longest linear arch which can 
be drawn within the ring will approach the upper surface 
of the ring at the crown and the soffit towards the haunches. 




Fig. 49, 

Fig. 49 shows a series of linear arches, all drawn for the same 
load, and all tangent to the upper surface of the crown of the arch, 
differing only in being the result of different horizontal thrusts. 
The curve drawn with a thick black line, tangent to the soflfit, is 
clearly the longest linear arch which can be drawn within the ring. 
Any smaller value of the horizontal thrust h would give a hnear 
arcn like curve 3, and any larger value of h would give a linear arch 
like curve 1, and both these vfQues of A are incompatible with equili- 
brium for the whole arch down to joint C ; if, therefore, the arch 
fails by the yielding of the abutment, or of the lower portion of 
the ring, the failure will first be apparent at the joints A and B, 
where this black line is tangent to the ring, and at joint C, where 
the linear arch cuts the back of the ring. Smaller values of h will 
keep the stones in equilibrium above and below joint B, but unless 
the arch below the joint B, as well as the abutment, can resist the 
tendency of the arch to spread, or, in other words, supply at lecLst 
the horizontal reaction h required for this linear arch, the joint B 
will open at the top, the centre joint A will open at the bottom, 
the jomt C will o^n at the back, and the crown fall in as shown 
in fiff. 49a. The loint B, where the longest linear arch is tan^nt 
to the soffit, is called ^q joint of rupture. The value of h required 
to make a linear arch tangent to the back of the ring at the crown 
pass through the edge of 3ie joint of rupture at the soffit, is larger 



than the value of k required to give a linear arch passing through 
the edge of any other joint at the soffit ; at the same time, it is the 
smallest value of A consistently with which the arch can remain in 




Fig. 49a. 

ei^uilibrium down to B and from B to C. In circular arches the 
jomt of rupture generally makes an angle of about 80" with the hori- 
zontal plane ; in elliptical arches the angle is usually about 45^ Its 
position is easily found as follows :— Let y,, y„ y,, &c. (fig. 60), be 
the heights of the upper surface of the crown A above any points 




Fig. 50. 

B„ Bj, B, at the lower edees of the soffit ; let W„ Wj, W, be the 
weights of the portions of the arch with its load carried by the ring 
from Bi to A, from B, to A, from Bj to A, &c. (The load is in the 
fig. assumed to be symmetrically disposed relatively to the centre 
of the span.) Let «i, a:,, jc^ be the horizontal distances of the 
centres of gravity of w^, «?„ w^ from the points Bj, B„ Bg, &c. ; 
then taking moments round Bi, B,, B, in succession, we have, if 
the linear arch be assumed to pass through any point B— 

Wa; = Ay ; 

takine the successive values of h for a series of joints B, we shall 
find that one joint ^ves a maximum value. This value corresponds 
with that bf the linear arch tangent to the soffit (of the middle 
third) at the joint of rupture ; for this arch has the maximum thrust 
of any passing through the points B^, B„ &c., as appears by simple 
inspection of fig. 49. The joint of rupture can thus be tentatively 
found, and the value of A, or the thrust which the abutment must 
resist, is obtained at the same time. If the backing is carried well 
up above C, a larger value of A than that obtained by this method 
would be consistent with the stability of the arch, and might 
actually occur ; but we need not provide for this larger value, since 
the yielding of the abutment under it would diminish the thrust 
till it fell to the value as above determined. If the abutments 
could resist this thrust, the bridge would then remain in equili- 
brium. If the arch is flat there may be no joint of rupture, and 
in that case the value of A is to be taken as that given by a linear 
arch passing through the bottom of the (middle third of the) spring- 
ing and tangent to the crown of the arch, i.e., to the summit of 
the middle third of the ring. 

When the apparent springing lies much below the joint of 
rupture, we find that the linear arch leaves the ring on 
the upper surface at a joint (C) lower down, where failure 
must result by the opening of the joint at the lower sur- 
face, unless the pressure is taken by masonry outside the 
ring. It is for this purpose that the hacking \& required. 
Obviously the best mode of supplying backing is to thicken 
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the ring itself, keeping the taaaoniy joints ndiaL The 
portion of the arch below the joint of rapture B is often 
considered as part of the abutment. 

If the load at the crown of an arch were very light, and 
the load at the haunchee comparatively very heavy, the 
aeries of tentative curves drawn with various values of A 
would assume the character shown in fig. 61. The longest 
curve which can now be fitted into the ring (drawn with a 
thick black line in the figure) will probably approach the 
soffit at the crown and be tangent to the upper surface of 
the ring at the haunch. In fig. 51 the longest linear arch 
is shown as tangent to the soffit at C. This condition 
could seldom be secured ; with most loads the linear arch 
tangent to the back of the ring at B wilt cut the soffit at 
C. Nevertheless, the value of A to be provided for will 
be that given by the linear arch tangent to the soffit. If 
this arch leaves the middle third at B, the ring must be 
thickened or efficient backing provided at this point. If 
the abutment yield an arch thus loaded would fail, as in 
fig. 5 to, but the case very seldom arises in practice. If 
the arch were not pointed at A, but curved so as to con- 
tun the linear arch near the crown, the piece BAB would 
be lifted up as a whole without breaking at A. 




The joints of rupture can be found for unsymmetrical 
loads as well as for symmetrical loads, but these joints will 
then not be at equal distances from the crown. 




Fig. Bla. 
If the middle third of the ring be alone treated as 
effective, the designer, after finding the joint of ruptnre for 
a bridge of the usual form and with usual loads, need make 
no further calculation as to the arch aiove that joint. A 
linear arch which is tangent to the soffit at the joint of 



rnptnre, and to the upper surface of the ring at the crown, 
will probably lie within the ring at intermediate joints, and 
will cut them at an angle not differing much from a rig^t 
angle ; bat the linear arch must be carried on below the 
joint of rapture, through the backing and the abntments, 
to see that it is nowhere too mncfa inclined to the bedding 
joints, and never comes too near the edge of the effective 
masonry. The horizontal thrust determined by finding 
the joint of rapture on the hypotheeis that the middle 
third of the ring is the only effective part witl be a 
safe value; but the actual toIuc may be considerably 
less, since the actual linear arch called into play may 
lie outside the middle third. Since we do not know 
the actual position of the resultant pressures on each 
vDussoir, any refinement in calculating the maximum in- 
tensity of stress due to these resultants would be nseleea. 
If the actual horizontal thrust were known, it would be easy 
to determine the couple acting on each joint and due to the 
distance between the resultant pressure and the centre of 
resistance of the joints ; then knowing this couple and the 
total thrust it would be equally eai^ by the principles in 
§ 8 to determine the maiimum intensity of stress. Practi- 
cally the thickness of the arch ring is determined by ralea 
derived from experience, and the chief use of the above 
theory is to determine the dimensions of the abntments ; 
if, however, with a given load the joint of rapture were 
found much nearer the crown than the positions indicated 
above, it would be well to rearrange the permanent loads 
or to alter the form of the ring. 

$ 42. Professor Qeorge Fuller of Bel&st has communi- 
cated the following novel and very neat method of finiling 
the linear arch of maTimntn rise (and therefore of minimnm 
thrust) which can be drawn within the middle third of a 
given ring. 

In Bk. 62 let the dotted carves QI &nd HE boimd the middle 
third 01 the ring. Let the ajan b« divided into any convenient 




Hg. 62. 
number of parts at a, 6, e . . . &c. Let the losd on the half arch be 
BDbdivided inlo a comsponditig muobei of parts, and each partial 
load referred to the vertical \me pausing thronch a,li,e , . . Ac. 
Let the curve D 1 2 S ... A be a curve of bending moments 
for l^ese loads, druwn to any convenient scale. Thii curve will also 
(I SO) be a linear arch far the ^ven loads. Draw the itraight line 
AB at any convenient incUnatioii, cutting tlie horiiontal line DB 
at B. B(UM the verticala al, bi, cS, , . . Ice., from the points 1, 
2, S, ka. Where these cut the curve DA dravr horizontal lines, 
cutting AB at I', 2', S', . . . &c. Since the ordinates of *U possible 
linear arches are merely multiples or aubmultiplEa of the curre of 
bending moments, it follows that any other straight line from B 
to the vertical through A will hare ordinates, which, if miunred 
froca DU along the verticals pawing through 1', ?, 3*, &c., will be 
the ordtnabis of a linear arch, set off on the corresponding verticala 
paaaing through 1 and a, 2 and b, S K^ e, kc. AB might be 
called the deielopment of the linear arch DA. Now let the 
carves CI and HK be developed in a limilar way, so that, for 
instance, the ordinates measured f^m a to these curres are equal 
to the ordinates meuUKd on the vertical passing throogh 1' Com 
DB to the development* I, O, and H, K, ; then it is clear that for 
the given loads any hnear arch which liea within the middle third 
of the ring must, when developed, be repteaented by a straight line 
lyingwithin the area I.QiH, E., and consequently that the strai^t 
Ime BC, which starts from the lowest point B in this area, and is 
tangent to the cutth 6, 1,, will be the development of the curve of 
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maxiiiiaDi rim and minimiim ibixuA nhicb wn be drawn within tlic 
mvea middle third with the given loads. The line BC detcmunea 
Uie point C, and the ordinates of BC give the ordinate! of the curve 
DC, the ordinatea beino; meaanred on correapondinv verticala. 

The example ihown is the diaffram for an arch of52 feet epan and 
ID feet 4 inches rise, the depth of the ring at the crawn being 2 feet 
6 inchea, and at the springing 3 feet 8 inches. The loads per foot of 
breadth, beginning at a, are— 23'0*, 19-46, 18-35, 13B4, 12*01, 
10-36, 8-B8, 7-93, 632, 679, G'B2, B'SB owta The riie of the 
£iiear aich fonnd is 10'2 feet, and h per foot of breadth of the 

. ,.„ . 1315 ft. cwt. 

arch 129 ewi,^ IQ.g ft. 

§ 43. Empirioal ExpTe*n<mforlhe Tkidaieuofthe Ring. — 
The ring when aot of eqaal thickneas is altrajs made 
of least depth at the crown. The depth of the key 
stone is therefore the thicknesa of the ring at ita sDoaUeait 
part 



of a series Uiicker than a single arcb is, that Uie former has, when 
not loaded itself, to bear pert of the throat from ita neighbours 
when theae are loaded ; this tbruet tends to throw the linear areh 
in the unloaded span low down in the kejBtone. The following is 
another series of valuea of C in practical tiae : — 

For first class stonework C = '30 

„ second class stonework C= '4 

„ brick and mbblc C = '46 

Perronet givee the following rule : — Let L be the span in feet — 



RankiDe, Ciml Bngituering, p. 427, shows that Traatwine's nUe is 
rational. Ferronet's can anly be so when the nsnal proportion of 
rise to span is adopted. 

Brickwork arches of 24 feet span and less are made 1 foot 6 
inches deep at the crown ; SO feet Span, I foot lO^ inches ; 40 feet 
span, 2 feet 3 inches. The nsual flat arch of these dimensions has 
its ring increased bf two rings of bricks towards the haunches. 
These do not show on the face being concealed by the spandrils.- 
Bnbble arches aie made a little thicker. 

$ 44. Praetical Detailt. — The stroDgest and simplest form 
of arch is a flat circular arc, having a rise of about one 
quarter of the span. In these arches the springing is above 
the place where the joint of mpture would occur if the 
ring were prolonged. Those parts of an elliptical or 
semcircnlar arch which lie below the joint C, fig. 49, are 
of use chiefly to improve the appearance of the arcL 
They are virtually part of the abutment, which is some- 
times even considered as extending to the joint B. In 
a very flat arch the linear arch may be brought to coincide 
more truly with the axis of the ring by lightening the 
haunch, with which object the roadway is sometimes 
carried on small flat Xfches turned at right angles to the 
main arch, and having the spandrils of the main arch as 
abutments. 

The joints between the vousaoirs should be very evenly 
worked, so that the pressure may be evenly distributed. 
In brick joints the layers of mortar should be thin. Great 
care ehoald be taken to provide for the drainage of the 
roadway above the arch. With this object the masonry 
should be covered with a sheet of asphalt sloping down to 
the piers or abutments, and suitable drains most be pro- 
vided to collect the water and discharge it throu^ the pier 
or abutment. 

Skbw Aboheb have already been treated of under the 
general head Abch (vol ii p, 330). 

Considerable attention must be given to the con- 
struction of the centra or wooden frames on which the 
Toussoirs rest while the ring is in process of being built 
Extreme rigidity is uecessary, and this rigidity is best 
attained by adopting one of the three following plans 
'BaDhine):~l. Direct supports as in fig. 63, illustntting 



Hartley's centre for the bridge over the Dee at Chester 
(total span 200 feet) ; 2. Inclmed struts in pairs as shown 
in fig. 64, being a dia 



loo Bridge ; 3, Trussed 
wooden girders, of which 
an example is afforded 
by the truss used in 
the erection of London 
Bridge, fig. 55. fig- 63. 

Figure 66 shows the ttrikmg plaU$ and wedga by 
which the centre is lowered after the completion of the 
arch. The upper and lower plates A and B are strong 





beams suitably notched, and are separated by the com- 
pound wedge C ; this wedge is kept in its place by cross 
wedges shown in section in the figure. When the centre 




is to be lowered these cross wedges are knocked out, and 
the main wedge C driven back. Owing to defective cen- 
tering some ^Tge French arches sank much during con- 
struction, and owing partly to this cause, and partly, as it 
would appear, to defective mason-work, the total defonna- 
tion after the centres had been struck was most extraor- 
dinary. In Ferronet's bridge at Neuilly (vide Table XVII., 
5 84) the sinking, while the centre was in its place, 
amounted to 1 3 inches, and after the centre was struck a 
further sinking took place of SJ inches. The crown of 
the centering had a radius of 160 feet, but the sinking of , 
the arch was such that for 60 feet it assumed the form of 
an arc of a circle with a radius of 244 feet It is remark- 
able Uiat the bridge, built in 1774, of very bold design 
and eo imperfectly executed, still stands. When the 
centres of Waterloo Bridge were removed no arch sank 
more than 1 J inches. Centres have occasionally been sup- 
ported on strong sacks full of sand. To lower the centre 
the sand was allowed to escape through apertures in the 
sack. It is believed that this method was first employed 
by a French engineer, M. Beaudemonlin, The canvas 
sack has been advantageously replaced by wrought iron 
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boxes or troughs ; the block supporting the centre acts as 
a lid resting on the sand inside ; when the sand is allowed 
to escape the block sinks slowly down inside the box. 

§ 45. ComparUon of Metal with Masonry Arches. — Metal 
arched ribs may be used instead of rings of masonry to 
support a platform and roadway. These arched ribs con- 
stitute true arches whenever, as is generally the case, all 
parts of the rib are compressed. The principles by which 
the stress on each part may be computed do not differ from 
those already explained for arches of masonry, but it is 
possible to calculate the stresses with much greater exactitude 
for continuous metal ribs than for voussoirs. With voussoirs 
we have seen that the resultant thrust at the springing is 
indeterminate both in magnitude and position, but we shall 
see hereafter that the resultant thrust, which will be called 
ty at the springing of a metal arch is easily rendered deter- 
minate. Supposing t and t^y the thrusts due to a given load 
(fig. 56), to be known, then if the form of rib be made to 




Fig. 66. • 

correspond with any linear arch for the given dbtribution 
the compression at any section of the rib will be axial and 
uniformly distributed ; the arch will then be strained as a 
chain of the same length would be strained under the same 
distribution of loads, extension being substituted for com- 
pression and dip for rise. Fig. 56 shows a rib of this kind 
with the approximate linear arch drawn as an equilibrated 
polygon by the method explained in § 38. 

If the distribution of the load is altered the linear arch 
will also change, and the stress on each part of the rib 
will no longer be axial. The change in the form of the 
linear arch will generally be much greater for a metal than 
for a masonry arch, because most metal arches have light 
open spandrils and a light roadway, so that the passing 
load is considerable in comparison with the permanent load. 
Not improbably the linear arch, when only one haunch of 
a metal rib is loaded, may pass quite outside the rib for a 
portion of its length if this rib is made, as is usually 
the case, of a form containing the linear arch for a sym- 
metrically distributed load. On the other hand, it does not 
follow, as with masonry, that because the linear arch passes 
outside the rib the bridge will fail. The bending couple 
then produced can be resisted by the moment of the elastic 
forces of the cross section of the rib if the rib is made 
strong enough. In masonry the joints open so soon as 
the resultant pressure passes outside the middle third of the 
ring ; the couple required to produce equilibrium would then 
require a negative force or tension at the opposite edge, and 
masonry cannot supply this tension, but in a metal rib the 
couple or bending moment produced by the excentricity of 
the stress may be resisted by the stiffness of the rib acting 
as a beam subject to a bending moment. Thus the strength 
of an arch to resist flexure is a more important element in 
the metal rib than in the masonry structure. It would be 
false to say that the ring of voussoirs had no strength to 
resist flexure, for we have on the contrary seen that the 



moment of the elastic forces at any section of a stone ring 
does resist any distorting action produced by the load; but in 
masonry this moment should never exceed the comparatively 
small value consistent with the absence of tension on any 
part of any joint. The metal rib may with safety be sub- 
jected to considerable tension in parts, and its strength to 
resist flexure can be easily increased and can be calculated 
with certainty. Moreover, by hinging the rib at one or 
both springings, as can be done with metal, the problem of 
determining the horizontal thrust (or totsd thrust) is sim- 
plified, the position of the thrust being thereby rendered 
certainly axial at this point, and then by taking into account 
the actual deformation of each part of the rib a complete 
solution of the problem of its strength can be obtained. 

§ 46. HorizoiUal Thrust of a Metal Arch or Rib hinged 
at the AbtUments. — By supporting a rib on pins or in 
cylindrical bearings {vide fig. 62) at the abutments we 
determine two points traversed by the thrust. The effect 
of allowing free rotation is necessarily to render the bending 
moment nil round the centre of rotation. Hence the 
resultant thrust must traverse the centre of the pin, or the 
centre of curvature of the bearing. Knowing the point of 
application of the thrust we have now to determine its 
magnitude. The vertical component t; is the same as the 
load on the pier of a girder of the same span equally and 
similarly loaded, so that the problem reduces itself to the 
determination of h the horizontal component 




Fig. 57. 

Let us -first consider a semicircuJar rib (fig. 67), bearing a load 
unifonnly distributed along the horizontal platform of the bridge 
(neglecting the weight of the rib). The linear arch will pass 
through the centre of the bearings N and Q, and will be a parabola. 
Moreover, it will be that parabola which requires the rib to exert 
no internal forces due to its own elasticity, and tending either to 

Eush out or draw in the springings ; in other words, the rib, 
eing supposed in equilibrium before the application of the weights, 
will not tend to act as a spring to increase or diminish the opening 
between N and Q. Nevertheless, as the semicircle cannot coincide 
with the parabola, most ^rts of the rib must be subject to bending 
moments, against which it will react as a bent spring. When the 
linear arch, as shown in fig. 67, passes above the axis of the rib at 
the crown, and below it at the haunches, the upper portion of the 
bent rib will act as a spring, tending by its reaction to diminish the 
distance between the ends N and Q, while the portions near the 
springing will be so bent as by their reaction to tend to increase that 
distance ; now, if , as is necessarily the case, the whole rib is not to 
act as a spring, tending either to close or open the ends N and Q, 
then the etTect of the bending near the haunches must exactly 
neutralize the effect of the bending near the crown. We have 
now to find what direction of thrust at the sprinffing will give a 
linear arch such that the above condition may be fmfilled. 

Let M be the bending moment acting at any given section, the 
centre or neutral axis of which is at a height v (fig. 68) above tha 
horizontal line joining the springings ; let tnis moment be con- 
sidered constant for a uiort length aL of the rib measured azially 
along the rib ; let A« be the short distanoe measured horiioiitidlY 
by wnich the moment M acting throughout the length aL would 
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Increase or HlminiBti the sun oT the rib st the ■pnngiOffB, the Test 
of the rib bein^ umuiied free trom attain. 'Hieii i»1iing I Uie 
moment of inertia of the crooa eectian mT the rib, and E tbe modnlna 
of eluticlt;, ve shall have- 

1 ...Mt5i 



ae appean horn the folloi 

labg. 68, hiOa = Aa=B6 = . 
fixed, and let ths aetioii of the 



condilerBtionB : — 

; conceive the snrface at AB I 
iple IS. be inch as to extend tl 




top and compreea the bottom of the rib, moving the point a to a,, 
anil th« pouits t to ft,; tlien, calling; ibe intonsi^ of the ib«tt at 
a, WB hare (equation 4, g U) — 



also we have (g 2i)— 



and therefora — 



H&L<f 



join and Q and draw the line oQ,, tnnlfing ^g angle QoQi eqnal to 
uodj; at Q draw QQ^ nerpendicnlar to al£ Then the affect of the 
conpla M on the length AL of the rib, th* rest being nnatrsiDed, 
will be to moTe the point Q to Q^, and by dmUar trungles we 



and therefore — 



»»i:QQi = 2:»5"; 



\ we have by eimilar triuiglea, Ai: QQi=v :oQ, 

I.E 

Bat if, aa above Mated, the rib doe« not act w a spring in either 
direction, the span will remain comtaut, and the sun of all the 
changes in span woduced by all the su^»Miv« lengths aL «ill be 
»U, or lAi=0. Hence, ainoe E is constant, we have 

2 i liy.Ah _^ 



which it was obtained being independent of the form either i 

rib or linear arch. When the cross section of the rib is conatsnt, 

we have — 

3 aHy.AL = . 

Wo shall now proceed to show how the lineu arch satisfying this 
conditiaii can be found for the ease of a nnifonn rib. 

Let the line OOjOj<^0^ Qg. GS, be the geometrical axis of 
the rib, and let OC,C,(^C, be the linear arch required ; this arch 
will, aa ibown above, cut the geometrical axis at some point, as 

I«t C4C represent the resultant preemie on the rib at any point 
C, in diiectioii and magnitude, fig. 00. If tUa pnstnre be reM>lved 
into it* vertical and hoiiiontal eomponenU, the latter C^ will be 







This force applied at C. will be equivalent to an equal and 
parallel force, O^U,^ applied at the point, O, in ^e_ axis, added to 
a left handed couple, of which the moment la ft O^Ct. This conple 




Is, for the point 0„ the couple M' required for equations 1, 2, and 
S, the magnitude of which, A being constant, is pro^rtional tc '** 

vertical distance OC between the curves at * ' — 

3 requires that the sum of all the values 
to lero, and we now see that this coudiUoo results when the 
of all the products of OC into y is equal to teru, or when — 
ay.OC: 



when the ci 



t constant the value of 



y.OC 
1 ' 



substituted for the simple product y.OC. 

The problem of discovermg the actual linear arch wbich will be 
called into play with a given rib is now reduced to that of finding 
the linear arch folfiUiug the condition in equation i. We mi^bt 
proceed tentatively, drawing nnmerons lineu- arches, and selecting 
by trial that which most nearly fulHls the condition, as proposed 
by Mr Bell, iVoe. I.C.S., vol. iixiL, but Professor Fuller of Balfaat 
has shown, Proe. I.C.E., vol. xl., that the ordinatei of the required 
lineararch can at once be calculated from the values of the bending 
moment at the several eetitions of a beam of equal span and simi- 
larly loaded. Let og,g^, (Sg. 61), be the curve of bending mo- 
ments which, aa was shown in g SO, ia one form of linear arch cor- 
responding to the givea load, the lengths 00,, 11,11^ o^^ Ac, being 
equal and representing aL ; let y as before be any ordinate bS the 
curve 00,0^ the axis of the rib ; let ^ be any ordinate of the 
given curve of bending moments; let se be any ordinate of the 
required linear arch. Then, since oe = « — y, we have for the case 
of uniform cross section and hinged sbutmeuto the equation — 

4 l!/(«-i() = 0, orSy.wEay"; 

* This couple ia sulBdeDt to shift the force from C, to 0^ bat the 
renltant of the force at C^ and the conple would not be tangent to the 
geometrical axis of Uia rib. To alter tbe direction of ths force in this 
maimer a vertical component must be addsd, but this vertical com- 
ponent may be looked upon as a shearing force, wbich, being vertical, 
tend* neither to extend nor to dlminiih the span. 
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but the ratio «c : ^ is constant, and may be designated by the letter 



t; 80 that we may write k {1y. sg)= 1y\ from which equation w« 
find the value of % — 



6 k= — . 

ly.ag 

If the cross section is not constant we have for k the more com- 
•iex expression — 



6. 



^ 1 

but 8c=k.sg, so that the required ordinate se is at once obtained in 

terms of k and the known ordinate sg. 

When the actual linear arch ociC^ &c., has been thus obtained, 

it is easy to calculate the horizontal thrust ; for let tf^Cj be the 
maximum ordinate, the direction of the thrust wiU at this point of 
the curve be horizontal, and therefore calling W the weight on one 
side of this ordinate, and x the distance of its centre of gravity from 

the springing, we have — 

6 Wa!=A.V6» 

from which h can be found. 

h and v being known give the position and direction of the result- 
ant thrust at the springing of the rib. The magnitude of the thrust 
at any other point is easHy computed graphically or by moments 




Fig. 61. 

rouud the springing ; then the resultant thrust at a given point 
being known, the . intensity of the stress on any part of a section 
at that point is to be computed by first i-esolving the thrust 
into two components, one normal to the section and one in the 
plane of the section ; the latter gives rise to a shearing stress 
(analogous to the force which causes one stone to slip on another 
in the masonry arch), while the component normal to the section 
will (if not axial) give rise to a uniformly varying stress, the 
magnitude of which at each distance from the axis can oe computed 
by the forniuloe given in § 8. 

The value of A is determinate, if the direction of the rib be 
supposed fixed at the springing, but this cannot be ensured in large 
structures, and the theory need not therefore be developed. It 

simply requires 2 co = 0. 

When the rib (as is generally the case in existing bridges) abuts 
against a flat springing the exact value of h is indeterminate. When 
the rib is hinged the friction at the bearing renders the thrust 
indeterminate wicliin limits depending on the possible bending 
moment at the springing due to the friction. 

§ 47. Process of Designing a Bib. — la future designs of 
ribbed arches it is to be hoped that the practice will be 
adopted of allowing the rib freedom to turn at the springing. 
This can be done by ending the rib in a bearing, curved 
as in fig. 62 ; the resultant thrust will then be approxi- 
mately axial, and the stress on every part of the rib can 
be determined with as much accuracy as on the several 
parts of a girder. Wlien the span is large a cast-iron 
metal arch can be made lighter than a wrought iron girder 
for the same load, but the imperfection of the theory of 
the stresses on tbe ribs has hitherto led to great waste of 
metal in their construction. In what follows it is assumed 
that the resultant at the springing passes through the 
geometrical centre of the cross section of the rib. 

If the rib were to carry a load distributed only in one 
way we ought clearly to make the form of the axis of the 
rib coincide with a lin^r arch for that load. There would 
then be no bending moment on any part of the rib. As 



in practice we must provide for all the possible combinations 
of passing load, we need take little pains in d e s igning the 
curvature of the rib— a 
flat arc of a circle with 
a rise of say ^th will 
answer well. The semi- 
circular or elliptical forms 
are not good, for no 
linear arch with any prac- 
tical distribution of load 
can even approximately 
coincide with a form in 
which the rib springs 
vertically from the abut- 
ments. 

The general character 
of the cross section should 
be similar to that for a 
girder, inasmuch as the 
rib will have to resist 
bending moments as well 




Fig. 62. 



as direct compression. The depth need not, however, be 
nearly so great as the depth of a girder. Let a crosft 
section be chosen in which the area is assumed as approxi- 
mately say 5 per cent more than that which would 
be sufficient to sustain the thrust resulting from a linear 
arch suitable for the maximum load and coinciding 
approximately with the axis of the rib. (If the load be 
nearly uniform per foot run of platform we may for this first 

approximation take A =: ^ , where d' ia the rise of the 

linear arch above the springings.) With the rib thus de- 
signed determine by the method given in § 46 the actual 
linear arches resulting from the following arrangements of 
passing load (combined with the permanent load) : — (1), 
Bridge half covered from one end; (2), three-quarters 
covered from one end ; (3), wholly covered ; (4), covered 
by the passing load over the middle half of the bridge, the 
haunches being unloaded. Draw these linear arches on the 
rib by the method given in § 38, and choosing at each one of 
some eight or ten selected sections the two curves which most 
nearly approach the top and bottom flanges respectively, com- 
pute the maximum intensity of stress on the top and bottom 
flanges at each section from the two thrusts correspoading 
to these two linear arches; where the stress is excessive 
add metal ; remove it where the maximum stre&s is less 
than the safe stress for the material. If no great change 
is made in the design this process will be sufficient, but 
if the cross section is seriously modified by the alteration 
we must make a second approximation by recalculating 
the linear arches for the new form of rib, and thus proceed 
by trial and error until the stresses corresponding to the 
actual linear arches are met by sufficient metel at all 
points. The rib need not be of uniform depth throughout, 
and may be increased in depth at the places where the 
stress due to bending moment has been found excessive. 

In large spans the effect of a change of temperature 
must be taken into account. This can be done by finding 
the linear arch given by the expression — 



1. 



5 — y = A«, 



where A^ is the alteration in span which would result from 
the expansion or contraction of the span if free to expand 
or contract with the change of temperature. 

In a series of arches abutting against comparatively 
slender piers, account must be taken of the thrust trans- 
mitted from the neighbouring arch. This thrust will 
only be due to the passing load, and a part may be con- 
sidered as taken by the pier ; the remainder which the 
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pier cannot counterbalance must be compounded with the 
reaction due to the linear arch calculated for the permanent 
load of the unloaded span. With the reaction thus com- 
puted the linear arch resulting in the unloaded span must 
be constructed, and the stresses examined on the top and 
bottom flanges of the rib. 

The theory now given for a stiff rib used as an arch 
is equally applicable to a stiff rib hung as a suspension 
bridge. 

§ 48. Wo<}den Arches, — Arches have occasionally been 
built of wood with ribs elaborately constructed of bent 
timber, scarfed and bolted together ; the strength of such 
a rib could be calculated in the w^j indicated for metal 
ribs, but the mode of construction is not to be recom- 
mended. When wood is employed it should be used in 
simple straight balks built into a framed arch. 

§ 49. Practical Details of Metal Arches. — The common 
form of metal arch is a cast-iron rib of X section and of 
small depth. This rib is intended to be sufficient, unaided, 
to bear the whole weight of the superstructure. The 
spandrils, made of some kind of lattice work (or occasion- 
ally a mere arcade), bear the roadway, and to some extent 
stiffen the rib beneath. The rib may with advantage be made 
much deeper than has been the practice, and may consist of 
tubes framed as in the St Louis Bridge, fig. 5, Plate XVIII., 
so as to form a single stiff rib. Where, to gain head- 
way, a rib of small depth at the crown is desirable, the 
rib might with advantage be deepened at the haunches. 
Wrought iron is a very suitable material for small arches, 
where the permanent load is insufficient to prevent tension 
from occurring in some parts of the rib. Cast-iron and 
cast-steel are better materials for large spans ; for moderate 
spans a good form of metal arch wUl be shown under the 
head of "Frames" (fig. 77), being that in which a lower 
member is braced to the upper member carrying the road- 
way so as to form a true frame ; for very large spans a 
single deep rib, or a frame with parallel members arranged 
as an arch, may be adopted. This design has the advan- 
tage over that shown in ^g. 77 of avoiding very long 
bracing at the abutments. 

V. Frames. 

§ 60. Preliminary, — A frame is a rigid structure composed 
of straight struts and ties. The struts and ties are called 
the members or pieces of the frame. The frame as a whole 
may be subject to a bending moment, but each bar, pillar, 
rod, or cord in the structure is thereby simply extended or 
compressed so that the total stress on a given member is 
the same at all its cross sections, while the intensity of 
stress is uniform for all the parts of any one cross section. 
This result must follow in any frame, the members of which 
are so connected that the joints offer little or no resistance 
to change in the relative angular position of the members. 
Thus if the members are pinned together, the joint consisting 
of a single circular pin, the centre of which lies in the 
axis of the piece, it is clear that the direction of the only 
stress which can be transmitted from pin to pin will coincide 
with this axis. The axis becomes, therefore, a line of 
resistance, and in reasoning of the stresses on frames we 
may treat the frame as consisting of simple straight lines 
from joint to joint When the members of a frame 
consist of iron rods as ties, combined with struts formed by 
angle iron or T iron of the usual sizes, or by pieces of 
timber of the ordinary dimensions, it is found by experiment 
that the stresses on the several members do not differ sen- 
sibly whether these members are pinned together with a 
single pin or rigidly jointed by several bolts or rivets. 
Frames are much used as girders, and they also give useful 
designs for suspension and arched bridges. A frame used 




Fig. 63. 



to support a weight is often called a truss; the stresses on 
the various members of a truss can be computed for any 
given load with greater accuracy than the intensity of 
stress on the various parts of a continuous structure such 
as a tubular girder, or the rib of an arch. Many assumptions 
are made in treating of the flexure of a continuous structure 
which are not strictly true; no assumption is made in 
determining the stresses on a frame, except that the joints 
are flexible, and that the frame shall be so stiff as not 
sensibly to alter in form under the load. Both assumptions 
are consistent with the facts in the case of any bridge truss. 

§ 61. Classes of Frames used as Trusses. — Frames used 
as bridge trusses should never be designed so that the 
elongation or compression of one member can elongate 
or compress any other member. An example will serve to 
make the meaning of this limitation clearer. Let a frame 
consist of the five members AB, BD, DC, CA, CB (fig. 63), 
jointed at the points A, B, C, and 
D, and all capable of resisting 
tension and compression. This 
frame will be rigidy i.e,, it cannot 
be distorted without causing an 
alteration in the length of one or 
more of the members ; but if from 
a change of temperature or any 
other cause one or all of the mem- 
bers change their length, this will not produce a stress on 
any member, but will merely cause a change in the form 
of the frame. Such a frame as this cannot be self-strained. 
A workman, for instance, cannot produce a stress on one 
member by making some other member of a wrong length. 
Any error of this kind will merely affect the form of the 
frame ; if, however, another member be introduced between 
A and D, then if BC be shortened AD 'will be strained 
so as to extend it, and the four other members will be 
compressed ; if CB is lengthened AD will thereby be com- 
pressed, and the four other members extended ; if the 
workman does not make CB and AD of exactly the right 
length they and all the members will be permanently 
strained. These stresses will be unknown quantities, which 
the designer cannot take into account, and such a combina- 
tion ought therefore never to be adopted. A frame of this 
second type is said to have one redundant member. 

If the members AD and CB were flexible cords there 
would be no redundant members ; for the tightening of 
one diagonal would throw no sensible stress on the other 
diagonal, since it is supposed incapable of resisting a thrust. 
Both diagonals, if flexible, are required to prevent the 
quadrilateral from getting out of shape. Members capable 
of bearing only one kind of strain might receive the name 
of semi-members. 

§ 62. External Forces on Frame. — Frames used as bridge 
trusses are in equilibrium under the external forces applied 
to them. These forces are — (1) the loads, (2) the reactions 
at the points of support. The loads are to be referred to 
the joints as follows : — (1) find the resultant of the load 
carried by any two joints ; (2) resolve that load into two 
vertical components acting through the two joints; (3) com- 
pound the several components acting at each joint into one 
resultant. This process gives a frame with external forces 
equivalent to the actual loads, but acting only at the joints. 
The frames are always supported at a joint, and the 
reactions of the supports are therefore also forces acting 
at joints. The load between any two joints is directly 
supported by the member of the frame joining them ; the 
stresses due to the direct action of this partial load must, 
where great accuracy is wanted, be added to the stresses 
computed on the assumption that the loads have been 
applied directly to the joints. Generally the stresses due 
to the direct action of the load between two joints may 
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be neglected except where a member of the frame is em- 
ployed to carry the roadway. 

Fig. 64 shows a common form of bridge truss known as 
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Fig. 64. 

a Warren girder, with lines indicating external forces ap- 
plied to the joints ; half the load carried between the two 
lower joints next the piers on either side is directly carried 
by the abutments. The sum of the two upward vertical 
reactions must clearly be equal to the sum of the loads. 
The lines in the diagram represent the directions of a series 
of forces which must all be in equilibrium ; these lines may, 
for an object to be explained in the next paragraph, be 
conveniently named by the letters in the spaces which they 
separate instead of by the method usually employed in 
geometry. Thus we shall call the first inclined line on the 
left hand the line AG, the line representing the first force 
on the top left hand joint AB, the first horizontal member 
at the top left hand the line BH, &c.; similarly each point 
requires at least three letters to denote it ; the top first 
left hand joint may be called ABHG, being the point 
where these four spaces meet In this method of lettering, 
every enclosed space must be designated by a letter ; dl 
external forces must be represented by lines outside the 
frame, and each space between any two forces must receive 
a distinctive letter ; this method of lettering was first pro- 
posed by Mr R. H. Bow (Economics of Construction), and is 
convenient in applying the theory of reciprocal figures to 
the computation of stresses on frames. 

When the weight of the truss is small it is usual to refer 
the weights of the parts of the truss itself to the same joints as 
carry the roadway, and to treat all other joints as unloaded. 

The reactions at the points of supports of a framed arch 
or auspensioQ bridge are inclined, as in fig. 65 ; the manner 




Fig. 65. 

of computing the stresses on these frames when the direction 
of these reactions is known will be first explained, and 
subsequently the manner of finding this direction will be 
given. 

§ 63. Reciprocal Figures. — Prof. Clerk Maxwell has given 
{PhU, Mag, 1864), the following definition of reciprocal 
figures : — '' Two plane figures are reciprocal when they 
consist of an equal number of lines so that corresponding 



lines in the two figures are parallel, and corresponding 
lines which converge to a point in one figure form a doeed 
polygon in the other." 

Let a frame (without redundant members), and the 
external forces which keep it in equilibrium, be represented 
by a diagram constituting one of these two plane figures, 
then the lines in the other plane figure or the reciprocal 
will represent in direction and magnitude the forces between 
the joints of the frame, and, consequently, the stress on 
each member as will now be explained. 

Reciprocal figures are easily drawn by following definite roles, 
and afford therefore a simple method of computing the stresses 
on members of a frame. 

The external forces on a frame or bridge in equilibrium under 
those forces may, by a well-known proposition in statics, be 
represented by a closed polygon, each side of which is parallel to 
one force, and represents uie force in magnitude as well as in 
direction. The siaes of the polygon may be arranged in any order, 
provided care is taken so to draw them that in passing round the 
polygon in one direction this direction may for each side corres- 
pona to the direction of the force which it represents. 

This polygon of forces may, by a slight extension of the above 
definition, be called the reciprocal figwre of the external forces, if 
the sides are arranged in the same order as that of the joints on 
which they act, so Uiat if the joints and forces be numbered 1, 2, 8, 
4, &c, passing round the outside of the &ame in one direction, and 
returning at last to joint 1, then in the polygon the side represent- 
ing the force 2 wiU be next the side representing the force 1, and 
will be followed by the side representing the force 8, and so forth. 
This polygon falls under the definition of a reciprocal figure given 
by Clerk Maxwell, if -we consider the frame as a point in equilibrium 
under the external forces. 

Fig. ^^. 
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Fig. 66<i. 



Fig. 66 shows a frame supported at the two end joints, and loaded 
at each top joint. The loads and the supporting forces are 
indicated by arrows. Fig. ^^a shows the recipro<»kl figure or 
polygon for the external forces on thjB assumption tnat the reactions 
are slightly inclined. The lines in fig. 66a, lettered in the usual 
manner, correspond to the forces indicated by arrows in fig. 66, and 
lettered accor(ung to Mr Bow's method. When all tiie forces are 
vertical, as will be the case in jo^ers, the polygon of external 
forces will be reduced to two straight lines, fig. 66?, superimposed 
and divided so that the length AX represents the load AX, the 
length AB the load AB, the length Ya the reaction TX, and so 
fortn. The line XZ consists of a series of lengths, as XA, 
AB DZ, representing the loads taken in their order. In sub- 
sequent diagrams the two reaction lines will, for the sake of 
clearness, be drawn as if slightly inclined to the vertical (as 
practised by Mr Bow). 

If there are no redundant members in the frame, there will be only 
two members abutting at the point of support, for these two mem- 
bers will be sufficient to balance the reaction, whatever its direction 
may be ; we can therefore draw two triangles, eadi having as one 
side the reaction YX, and having tiie two o^er sides parallel to 
these two members ; each of these triangles will represent a poly- 
gon of forces in equilibrium at the point of support. Of these two 
triangles, shown in fig. 66«, select uiat in which the letters X and 
Y are so placed that (naming the apex of the triangla E) the 
lines X£ and Y£ are the lines parallel to the two memhen of the 



FEAICSS.] 



BRIDGES 



317 



same name in the frame (fig. 66). Then the triangle YX£ is the 
reciprocal figure of the three lines YX, XE, £Y in the frame, and 
represents the three forces in eqailibrimn at the point YX£ of the 
frame. The direction of YX, Deing a thrust upwards, shows the 
direction in which we must go round the triangle YXE to find the 
direction of the two other forces ; doin^ this we find that the 
force XE must act down towards the pomt YXE, and the force 
£Y away from the same point. Putting arrows on the frame 
diagram to indicate the direction of the forces, we see that the 
member £ Y must pull and therefore act as a tie, and that the member 
XE must push and act as a strut. Passing to the point XEFA we 
find two known forces, the load XA acting downwuds, and a push 
from the strut XE, which, being in compression, must push at Doth 
ends, as indicated by the arrow, fig. 66. The directions and magni- 
tudes of these two forces are already drawn (fig. 66a) in a fitting 
position to represent part of the polygon of forces at XEFA ; be- 
ffinning with the upward thrust EX, contiDuing down XA, and 
drawing AF mrallel to AF in the frame we complete the polygon 
by drawing EF parallel to EF in the frame. The point F is deter- 
mined by me intersection of the two lines, one begmninff at A, and 
the other at K We then have the polygon offerees EXAF, the 
reciprocal figure of the lines meeting at that point in the frame, 
and representing ^e forces at the point EXAF; the direction of 
the forces on £ A and XA being known determines the direction 
of the forces due to the elastic reaction of the members AF and EF, 
showing AF to push as a strut, while EF is a tie. We have been 
guided m the selection of the particular quadrilateral adopted by 
tiie rule of arranging the order of the sides so that the same letters 
indicate correspondm^ sides in the diagram of the frame and 
its reciprocaL Contmuing the construction of the diagram in 
the same way, we arrive at fig. 66d as the complete reciprocal 
figure of the frame and forces upon it, and we see tnat each Ime in 
the reciprocal figure measures the stress on the corresponding 
member in the irame, and that the polygon of forces acting at any 
point, as IJ K Y, in the frame is represented b^ a polygon of the same 
name in the reciprocal figure. The direction of the force in each 
member is easily ascertained by proceeding in the maimer above 
described. A single known force m a polygon determines the direc- 
tion of all the others, as these must all correspond with arrows 
pointing the same way round the polygon. Let the arrows be 
placed on l^e frame round each joint, and so as to indicate the 
direction of each force on that joint ; then when two arrows point 
to one another on the same piece, that piece is a tie ; when they 
point from one another the piece is a strut. It is hardly neces- 
sary to say that the forces exerted by the two ends of any one 
member must be equal and opposite. This method is universally 
applicable where there are no redundant members. The reciprocal 
figure for any loaded frame is a complete formula for the stress on 
every member of a frame of that particular class with loads on 
given joints. Some examples of these figures will be given, and the 
reader will easily construct others for himself. 



§ 64. Warren Girders — Reciprocal Figure and Method 
of Computing Stresses hy Method of Sections . 

Case 1. The Warren girder loaded at each top joint, 
figs. 67 and 67a. This diagram differs very slightly from 




Fig. 67. 

that shown in fig. 66. The top and bottom members arc 

in straight lines, and consequently 

the lines indicating the stresses on 

the bottom member are superim- 

l)osed one on the other instead of 

radiating from Y ; the loads XA 

and FZ are shown as directly borne 

by the piers. It is clear that if the 

road is supported by a platform 

reaching from the end joints to the 

piers, half of the load on these parts 

of the platform will be directly 

supported on the piers. These end 

loads are shown eJso in the subse- ^' 

quent diagrams. The truss is generally built of equilateral 




triangles, and the inclination of the bracing to the horizon 
should never be less than 45^ 

Case 2. Warren girder loaded on top and bottom, fig. 
68. 686 shows the polygon of external forces, and 68(; 




Fig. 68«. 



shows half the reciprocal figure. These figures have been 
added to facilitate the comprehension of the complete 
reciprocal shown by 68a 

Case 3. Warren girder with one load, not central, fig. 




69. The polygon RXZ, fig. 69a, represents the external 
forces. 
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Case 4. Warren girder; load on half the top joints, fig. 70. 

In designing a Warren girder it is necessary to provide for 

the advancing load. With a uniformly distributed load the 




r^JFJE 




Fig. 70. 

diagonal bracing consists of alternate struts and ties begin- 
ning, if supported at the bottom, with a strut at each end, 
or with the tie at 
each end if the truss 
is hung from the top. 

At the centre there B 

will be either two 
ties or two struts in 
juxtaposition ; or, as 
in the case where 
there are an even 
number of loaded 
joints at the top, 
the central pair of 
diagonal members 
will be unstrained ; but an advancing load (neglecting the 
permanent load) will convert each diagonal member (except 
the end ones) alternately into a strut and a tie. It is 
necessary to provide for the maximum extension and 
maximum compression on each, taking into account the 
combined effects of the permanent and passing load ; the 
latter has generally sufficient effect to reverse the direction 
of the stress on the bracing near the centre, but not (in 
large bridges) towards the ends. Each member of the 
bracing towards the centre must, therefore, be so designed 
as to be capable of acting alternately as a strut and as a 
tie. The maximum stress on the top and bottom mem- 
bers occurs when the bridge is fully loaded. 

This stress is easily calculated by the method of sections ; nssumo 
the girder cut by a vertical plane at the joint or pin opposite 
the member in question, or in other words, by a vertical plane pass- 
ing through the vei-tex of the triangle of which the member in 
question is tlie base ; let d be the peri)eudicular distance between 
the member and the pin, i the thrust or tension on the member, 
and M tlie bending moment for the section calculated as for a 
j^irder loa«l«d at the points corresponding to the joints. Then 
M = Ul. The stress on the diagonals corresponds to the shearing 
sti'ess in the solid girder, and may consequently be calculated from 
the shearing diagrams, examples of which were given in § 19. The 
loads may be relerred to the joints before drawing the diagram, and 
the continuous curves of figures 18 to 18c will be replacea by lines 
consisting of a series of steps such as are shown in fig. 18a. We 
may then proceed to calculate the stress on any diagoiial as fol- 
lows : — Taike the shearing stress for the section at the joint where 
the diagonal in question abuts ; if there is a load on this joint, take 
the shearing stn*8s for a section close to the joint, and on that side 




Fig. 71. 

nf it which is next the diagonal in question ; call the shearing force 
thus found F ; let i be the slope of the diagonal or the angle which 
it makes with the horizon, then the tension or compression on the 
diagonal is F cosoc. i\ thus let fig. 71 represent a Warren girder of 
six equal bays, in which i =60*. Let the load on each top joint 



be 5 tons, the compressions and tensions on the diagonals 
follows : — 

Table XI. 



areas 



Name of 
Brace. 


F X COBCC i. 


Compression. 


Teiulon 


1 
2 
8 
4 
5 
6 


15x1-1547 

10x1 1547 

10x11547 

5x1-1547 

6x11547 

0x1-1547 


17-32 
11 -55 

• • • 

6-77 

• • • 


11-55 
6-77 

• • • 

• • • 



These stresses, given simply as an example, apply to the one 
special load, and art^ not to be confounded with the maximum 
stresses which an advancing load of the same intensity would 
produce. The stresses on the two halves of the girder are sym- 
metrical. 

The arithmetical mode of computation is the simpler where the 
top and bottom members are parallel and the Inclination of the 
diagonals constant; where these conditions are not fulfilled the 
meuiod by reciijrocal figures is preferable. 

In the actual desim of any girder to suit various combinations 
of loads, care must be taken to design each member to suit the 
maximum stress wiiich can arise from any combination. The maxi- 
mum shearing stress is most easily selected by means of the dia- 
grams § 19. Care must be taken to meet both the maximum 
tension and maximum compression whenever the member is so placed 
that with some loads it is extended and with some compressed. We 
have just shown that this case arises in the diagonals near the centre 
of the girder. When frames are used as continuous girders, it is 
desirable to make the points of inflection coincide exactly with a 
joint. This may be done by cutting through or omittine the mem- 
ber opposite the joint. This allows the reactions on each pier to be 
easily determined by the elementary principles of statics with any 
load, and without taking into accoimt the form which the beam 
assumes when deflected. Instead of a long continuous girder, we 
t!n*n have a series of girders, supported at or near the middle of 
their length by the piei*s, while a second series hang from the first 
by pins at determinate points. This arrangement greatly simplifies 
all the calculations without sensibly diminishing the advantage 
derived from the vme of continuous girders. 

§ 55. Various Fonns of Girder. — llie framed girder is 
sometimes made of the form in fig. 72, which has the 




Fig. 72. 

advantage of reducing the length of the end diagonals 
where the stress is heaviest. The reciprocal figure for this 
truss uniformly loaded on the bottom 
joints is shown in fig. 72a. This girder 
is sometimes called a bowstring girder, 
though this name more properly 
belongs to an obsolete form with n) 
diagonab. Z and X are the spaces 
between the end loads and the re- 
actions which, for clearness, are shown 
as pulling up ; but the same reciprocal 
would result if the reaction were 
shown pushing up, and the letters 
X and Z were placed as dotted. This ^' 

form has the advantage of reducing the compression on 
the diagonal struts to a comparatively small amount. A 
great part of the shearing stress is taken by the carved 
upper boom ; deeper girders can be profitably used of the 
bowstring than of the Warren type. The long and expen- 
sive struts in the latter form more than counterbalance 
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the saviog to be obtained by increasing the depth beyond 
about y^t£ of the span. 

The diagonal bracing in the Warren and bowstring 
girders is sometimes arranged as in fig. 73 ; the girder is 




then called a lattice-girder. It is to be treated as a series 
of superposed Warren girders, each bearing its share of the 
load. This form has a slight advantage inasmuch as 
the diagonal struts are stiffened by being pinned to the ties 
where they cross. 

Fig. 74 shows a very common and useful form of girder 




where the uprights between the top and bottom members 
are able to sustain both tension and compression, while the 
diagonals are only "semi- 
members," being flexible 
rods or bars. The reciprocal 
for this design is shown in 
fig. 74a with two joints more 
heavily loaded than the 
others. The members in fig. T^ i 
74 which have no arrows on 
them are idle or unused, with 
this particular distribution of 
load. When the permanent 
load is considerable as com- 
pared with the passing load, 
the end or two end diagonals 
shown dotted will not come into action with any distribu- 
tion of load, and may therefore be omitted. This form is 
much used when wood is employed for the compression 
members. It has in every case the advantage that the 
^truts in the bracing are shorter than in the Warren girder. 
The lettering is arranged so that only those spaces have 
letters which are divided by members actually in use under 
this 4)articular load. 

Figs. 76 and 75a show a modification of this truss for 
small spans, and its reciprocal when loaded on one joint ; 




Fig. 74a. 




Fig. 76. 

the lettering here also only suits the one distribution of 
load, and the idle members have no arrows on them. 

§ 66. Framed Suspensixm Bridges and Arches, — These 
frames, like the girders, consist of top and bottom mem- 
bers, braced together by ties and struts. The bridge is a 
suspension bridge, if the frame is supported by inclined 
forces pulling outwards from the bridge as in fig. 76, and 



an arch is supported by forces pushing inwards as in fig- 

77. The reciprocals of these two forms with the joints 

at the platform uniformly loaded 

are annexed. These reciprocals 

are drawn on the h3rpothesis 

that the direction of the thrust 

or pull is known ; and this has 

been chosen in this case so as 

to reduce the stress on NG 

to zero, as would necessarily 

be the case if NG were omitted 

or cut When this is not the 

case the direction of the thrust 

or pull at the abutments must 

be found in the manner explained below. 





Fig. 76. 

It is easy to design the bridge so that both the top 
and bottom members of the 
suspension bridge remain in 
tension, and both those of the 
arch in compression under 
all distributions of load. This 
would allow wire rope to be 
used for both members of 
the suspension bridge, and 
cast-iron or steel for both 
members of the arch. The 
stresses on the bracing are 
very uniform and small as 
compared with those on the p^g 75^ 

diagonals of a girder. 

Fig. 78 shows a slight modification of the design for a 



ATS 





suspension bridge, very suitable for spans so large that 
the end struts in the pre- 
ceding form would be in- 
conveniently long. The re- 
ciprocal annexed is drawn 
for the case in which a 
double load is placed on 
half the bridge. The same 
design is suitable for an 
arch. 

The resultant thrust or 
tension at the supports of 
framed suspension bridges 
or arches can only be found 
by a method analogous to 



ZVff 




Fig. 77a. 



that already explained for the solid metal rib. This method 
was first given by Prof. Clerk Maxwell 

Consider any member A, fig. 79, of length L and cross-section a, 
made of a material having the modulus of elasticit}' E ; under tlie 
action of a stress F, the length L will be altered by an amount - 
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Appropriate signs must be given to the arithmetical values of the 
foFM and the alteration of length ; thus throat and compression may 




Fig. 78. 



be called negative, pull and extension positive. If every other mem- 




Fig. 79. 

ber of the frame were absolutely rigid, the span 3 of the bridge 
would undergo an alteration AS. The ratio ^ will dex)end merely 

on the geometrical form of the frame ; let 9 be the value of this 
constant ratio, so that — 

1 aS=jaL=s'F^. 

Let/ be the force produced on the member A by a horizontal force 
h acting between the springings ; then by the principle of virtual 
velocities we have — 

/ : A = AS : aL, 

for we mav consider the structure merely as a kind of lever, by 
which the force h exerts a force on A, the fulcrum being the joint 
opposite A ; then the above proportion expresses the fact that the 
forces h and /are inverselv proportional to the spaces which the ends 
of the lever would move uirough when a small displacement occurs. 
Thiis we may write 

Similarly let /j be the stress which would be produced on A by a 
vertical force v, applied at one springing, while the other springing 
was held rigidly so that the whole frame could not turn ; tne ratio 
between /i and v is constant, depending merely on the form of the 
frame, so that we may write-— 

where p is a constant, to be found in the same manner t^q ; p may 
be defined as equal to the whole stress produced on the given mem- 
ber by a unit vertical force at the spnnging, and q as the whole 
stress produced on tlie same member bv a unit ?u>riz<nUal force at 
tte^ringing, the frame being held rigidly at the opposite abutment. 
«n auy thrust t at the springing having the vertical and hori- 



zontal components v and h will produce a stress F on A, equal to 
the sum of the stresses of/ and/^ or — 

F=qh-^pv . 
Substituting this value of F in equation 1 we have — 

where $ — wz, a constant for each member. 

Now, let the values of q, p, and s be calculated for evenr member of 
the frame ; then, calling the whole elongation SAS = i^ we have— > 

ifc= J {eq*h-^q)qv) . 

If the abutments do not yield k = 0, and for this 

Xepqv 
1^ • 



8 



h = 



V is to be found as for a girder similarlv loaded, and <, the leo uired 
thrust or tension, is the resultant 01 h and v. The ealduation 
is best made as follows: — Construct tables of the valnes of d 
and q for each member of the frame ; the method of sections 
or moments will answer best for the top and bottom members, 
and that of reciprocal figures for the diagonals ; assume a croes 
section for each member, l^sed on a probable assumed value of t; for 
the required load make tables of epq and e$*, or what is equivalent. 



pf ^h 

when E is constant, make tables of the values of — snd — 



The 




<y*L 
sum of 09* or ^^ can then be made. If there be aload on one joint 

only, find the values of v and Vi, for the right and left abntments, 
then find 2epqv, using the value v for all members to the right of 
the load, and v^ for all members to the left of the load ; equation 8 
will now give the value of h for this single load. 

The process of finding 7/epqv must be repeated for each loint which 
is loaded, and the whole horizontal thrust due to the load on any 
number of joints will be the sum of the separate values of K When 
the horizontal thrust is known, the thrusts t and t^ are obtained at 
the two abutments by compounding the horizontal thrust with 
the vertical weight borne at that abutment When t and t^ are 
known, the stresses on each member are to be computed by recipro- 
cal figures or any other convenient method. The process must be 
repeated for each combination of passing and permanent load, so aa 
to find the maximum stress to which any member can be subjected. 
If the assumed cross sections are not suitable for these stresses, fresh 
cross sections must be assumed and the whole calculation repeated. 
The change in cross section will cause some change in the values 
of h, but tiiis tentative nrocess need seldom be gone through more 
than once. 
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Fig. 80. 
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Fig. 80a. 



Fig. 80 shows half the frame of a bridse for which the calcula- 
tions have been made. The span is 120 feet, the rise 12 feet, and 
the truss 5 feet deep at the crOwn. The load assumed is 10 tons 

bed __<• £ e^ _r_ e- y ^ 




Pig. 81. 

permanently on each top joint, and 10 tons of pasniig load. On 
ti^. 80 are marked the stresses when the bridge is wlrolly covered 
with the passing load. On fig. 80a are marked the maximum 
stresses with any distribution of load. Figs. 81 snd 82 show graphi- 
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calif t}ie tmonnt of metal rxiaind In thi« bridge and in a rirder of 
the same span and 12 feet daop; the breadth given in the oiagnun 
to each member is proportioiial to the CToes taction Teqnired. The 
qatntitr of metal required for the girder eiceeda that for the arch in 
the nt)o of abont 176 to 100 ; a ninilw cnlflolatton fat a bomtring 
1 ale _rf il 




ng. 82. 

laltiea girder 17 feet deep at the eantr „ 
weights of metal reqniied aa 100 for the arch and IGS for the 
bovatring. Even thete ratios nnderatste the great advantage to be 
derived m>m the braced arch or stupendon bridge for large ipaua, 
since the; oeaiune that the loads to be carried are the same, whereas 
the permanent load is in ]arge spans much leas tor the lighter coq- 
stmctioa of bridge. The foUowuiK table shorn the probable weight 
in tons of aevaraf diflerent Qrpea oftraasea, Msniniiig that the majd- 
taum intenaity of atrest on Uie metal in girdeta and archea is every- 
where i tona per sqiiare inch, that the paaaing toad to be carried 
Is I-l tona per foot ran, and that the practical weight is 2S per 
cent, in eiccM of Oie minimam posaible weiriit if no metal were 
wasted, vide TroM. B.S.S.A., voL viii. p. lU. It most be ra- 
memb^«d tbat tha abutments for arches will in all oasea be more 
eipenalve than thoas for girden ; in small spans this ezpoue will 
oiten ontwugh the saving whldi ooold be effected in the snper- 
atructoie by employing the arch. 



in the plane of one axis; let the depth of cumb section measured in 
this dirrotion be called d, and the breadth measnred at right anslee 
to the depth d be called b. Let the maiimum or breaJdne load be 
called P, and the maximnm deflectian of the longitudinal axis of 
the stmt fhim its unbent pcntion be called v, this quantity being 
analogoiis to the deflection in a beam. The moment tending to 
produoe flexure at the cross section where v is measured will be 
Ft>. This moment must, as in the <aae of a girder, be equal to the 
moment of tlw elastic forces, which we already know to be — 

» - d ■ 

where p, and / have the same ngnificataon na for girders. 

</ tuuet be taken aboot the nnetroined axis, or in other words 
about the axis running in the direction which has been called that 
of the bread^) Uence we have — 



bnt we also know that for beams of Dniform cross section under 
similar internal stresses v is proportiODal to y ; hence we have — 
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The framed arch is a vei; suitable form fbr wooden 
bridges. The ties are few and subject to ioaignificant 
strains. In designing a series of 
arches supported on piers care must 
be taken to provide for the thrust 
from loaded to unloaded arches 
across tiie pier at the springing. 

§ 67. Strength of StrvtA—Whea 
a stmt or column is used as in 
framework to resist compression, 
it is nsuaUy so long in comparison 
with its cross section that it will 
bend and yield with a much less 
stress than would be required to 
crush the material The strength 
of a strut of this kind can be 
approximately computed according 
to the following theory : — 

Let a stmt with a cross section S be 
pinned or hinged at both ends, or let it 
have ronnd end^ so that if it yields 

under compiession it beads as m fig. S3. „, „„ ^. -. 

Let the ctSm section have hvo ales of "'8- ^^- ^'8- 8*. 

symmetry, and let tha section be such that the column will bend 



whereais a constant depending on the material only. Letj^= x 
be the mean intensity of streas which would be produced if the load 
comprened all ports of the cross section equally, and let/, as before 
be t£e ultimate strength of the material per unit of cross section, 
then, when the beMO is on the point of yielding, we most have 

/■ = I + ''T' 
and calling r the radius of gyration — 

.. .../.= |(».;).»p.^. 

from which/, can be computed in terms of F and a, or P in terms 

^e value of a does not change with a change in the design of 
the croes section ; the values for cost ircn, wrought iron, and wood 
determined by experiment ore given in the following table, S 
being measured in square inches, F in lbs. The table also contains 

Table Kill.— Comtantt for the Strength of Slrtiis and Pillan. 

Cast-iron 80,000 lbs. ,At 

Wrought iron 88,000 lbs. rrhr 

DrytSnber 7,2001b«. WW 

When the direction of both endsof the column is fixed it must bend 
in the manner shown in Gg. 84; if the curvstuni be uniform this 
would have the eSect of reducing the deflection t> to one-fourth of 
the amount caused by the same stresses when the ends are hinged, 

oPi* 






' 41 



/. = l('*g). "- 



.-JS-. 



When one eud is flxed in direction and the other hinged, the ulti. 
mate load which the stmt can bear may be taken as a mean between 
the strength of two pillars of the same length and cross section, c 



having both ends &xed in direction and the other having both ends 
liioged : for similar cross sections >■■ is proportional to d^ the sq'iare 
of toe depth (measured in the direction of the shorter side or axis). 



, and let B = S -^ . Then from equation 2 ite 



snd ttom equation 3 for fixed ends — 
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value for any ffiyen materials and any constant ratio of Z to v. Table 

XIV. ^ves the values of B for a series of these ratios, and Table 

XV . gives the values of n for the most usual cross sections. 

Table XIV.— FaZu« of B ifbs, and square inches), Strength 

of Struts and Pillars. 
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Bfor 


Bfor Strong 
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CMtlToa 


Wrought Iron. 


DryTbntar. 


10 


•187 


0083 


•25 


15 


•42 


•075 


•9 


20 


•75 


•188 


1-6 


25 


1^16 


•208 


25 


80 


1-69 


•8 


8-6 


85 


2-3 


•408 


49 


40 


8^ 


•583 


64 


45 


4^68 


•883 


10- 




Table XY.—Falues o/n, Strength of Struts and Pillars. 



n 

Square or side d, or rectangle ) . 

with smallest side (i ( 

Hollow rectangle, thin sides ) 

Circle, diameter (2 IJ 

Thin ring, external diameter d | 

Angle iron, smallest side e2 2 

Cruciform, smallest breadth =d 2 



It is of great importance that the connections between the several 
struts and ties forming a frame should be so designed that the 
stresses produced may be axial. If this is not done the maximum 
intensity of stress on the strut or tie may greatly exceed those com- 
puted on the principles explained in the present paragraph {vide § 8). 

Mr Unwin m his lectures gives the following empincal rules for 
the strength of wrought iron struts: — 






Pl= 


l+l« 


for fixed ends, 


1^1= 


l + 4/« 
ch* 


for round ends, 



6. 



where different values are given to/ and e according to the different 
cross sections of the struts. 

Rectangular bars e = 2500 /= 1 7 tons. 
Cylindncal bars c=8500 /=17*5„ 
Angle, T, cross, and charcoal iron c= 900 /=19 „ 

The following are Mr Hodgkinson's formula for the strength of 
cast-iron cylindrical pillars, uie length of which is not less than 
thirty times the diameter : — Let P m the load which will produce 
failure, d the external diameter in ineh^, L the length in,/^ and 
A a constant multiplier ; then for solid pillars with either round or 
flat ends— 

8 F=Ad^''^U'7. 

The value of A for rounded ends is 14^9 tons, and for flat ends 
44*16 tons. Similarly for hollow pillars of internal diameter d, we 
have 

9 P=A(d»•«-d«•«)-4-Ll•^ 

where for rounded ends A is taken as 18 tons, and for flat ends 
44^8 tons. 

When the length is less than thirty times the diameter, let P be 
Uie ultimate load calculated by equations 8 and 9, and let P, be the 
loid which would crush a short block of the same sectional area S ; 



i.s., let P,=49S; let P« be the actual ultimata atangtb, ttaeD, 
according to Professor Hodgkinson's ezperimentsy 



10. 



*^*'"4P+8Pi" 



For rectangular struts of oak and pine, the smallsat 
denoted as before by d„ Hodgkinson gives the formid*— 



being 



11. 



<2* 



where A =8, 000, 000 lbs. The same unit must be employed for d 
and I, and S must be expressed in square inches. This fonnnl* 
can only give a rough approximation to the truth. In short beuntf 
the formula in § 5 would give a smaller strength than equation 11. 
This smaller value is, then, the true measure of the strength. 

VL CoMPoinn) Stbuctukes. 

§ 58. Many bridges have been built with aupeffttmctiireB 
such that the stresses on the several ports Or members 
cannot be computed by the rules hitherto gfven. These 
superstructures are generally constructed by superposiiig 
two or more types so as to form a compound structure 
capable of acting at once say as an arch ind as a girder. 
These bridges may be odled compound bridges. The 
designs are usually unworthy of imitation. Mr Robert 
Stevenson's original design for the Britannia Bridge, in 
which the great girder would have been partly supported 
by chains, is an example of this type of structure in which 
the two parts are clearly visible. Many wooden American 
bridges are trusses which almost defy analysiB, the designs 
being, however, obviously suggested by an attempt to com- 
bine at least two of the three main types of bridges. No 
advantage whatever is gained by a combination of this kind ; 
on the contrary great disadvantage is almost sure to follow 
its adoption, namely, that it will be impossible that each part 
of the structure should, under all circumstances, cany that 
portion of the load which the designer entrusted to it. For 
suppose a bridge constructed partly as a girder and partly 
as a suspension bridge, the girder being very stiff and deep 
and the chain perf ecUy flexible with considerable dip. Let 
the chain and girder be each flt to cany half the passing 
load. It is perfectly conceivable that the deflections of the 
two should be so different that the girder would, under the 
actual load, break before the chain was sensibly strained, 
or the difference in the relative dip of the chain and depth 
of the girder might be such as to cause the former to give 
way first Even if the two were so designed that at a given 
temperature each should take the designed share of the 
load, a change of temperature would entirely alter the pro- 
portion borne by the two parts of the structure. A few 
forms are free from this defect, and these will now be 
described 




Fig. 85. 

§ 59. Fink ^Vum.— This truss (fig. 85) has been much 
employed in America. The upright struts, numbered 1 to 
7, divide the span into eight equal parts. If a weight w 
rests on the top of each strut the whole truss may be looked 
upon as made up of seven distinct and independent trusses 
superposed on one another; strut 4 is used seven times, and 
is compressed with a total force of 4tip. Struts 2 and 6 aie 
used three times, and each compressed with a total force of 
2w, Struts 1, 3, 5, and 7 are used once, and each compressed 
with a force w. The stresses on the inclined ties are at 
once got from the compression of the strut by the resolution 
of forces ; and the stress on the upper member or boom 
is the sum of all the pulls on the ties resolved horixontally ; 
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the boom is uniformly strained over its whole length. 
This truss would not be so light asa Warren girder if both 
were made of the same depth, and if the end struts in the 
Warren girder did not require to be much stiffened in con- 
sequence of their great length. The Fink truss is, however, 
generally made in practice more cheaply than the Warren 
girder, because the depth of a girder practically depends on 
the greatest length of strut which is admissible, and for 
equal lengths of strut the Fink truss gives a deeper beam 
than the Warren girder. 




Fig. 86. 

§ 60. BoUman Truss (fig. 86).— This truss is the result of 
superposing seven simple frames consisting of a top member, 
a strut, and two ties. The stresses are easily computed. It 
is one form of the old false suspension bridge already alluded 
to (§ 34), with the difference that the top member replaces 
the horizontal resistance at the points of support The 
defect of this truss is that two ties supporting any strut 
except the central one are of unequal length ; expansion 
or extension, consequently, affects these unequally. It is 
inferior to the Fink truss. 







Fig. 87. 

§ 61. Sduifhausm Truss. — ^The famous wooden bridge 
of Schaffhausen (fig. 87, see also § 76) is in its main 
parts a compound bridge, composed by superposing a series 
of simple frames of ^e type shown in 1, 2, 3, and 4. 
Nos. 1 and 2 are imperfect frames, i.^., if the joints were 
flexible they would collapse in consequence of the want of 
the diagonals across the centre parallelogram. The stiff- 
ness of the joints supplies this want 

§ 62. Dredges Su^f>ensum Bridge. — This bridge differs 
from the usual suspension bridge in having the suspending 
rods inclined, and in the use of a lower member, which may 



be a compression member transmitting a thrust to the 
piers, as in 88a, or a tension member, as in 886, with a 




Fig. 88a. 






Fig. 88<;. 



Fig. BSd. 



maximum tension at the centre. Fig. 88c and fig. SSd 
show the reciprocal figures corresponding to those two 
cases. This bridge is somewhat stiffer than the ordinary 
suspension bridge, but is far inferior to the complete 
framed bridge. 

§ 63. Arch or Suspension Bridge, hinged at Abutments 
and Centre. — Figs. 89 and 90 show two designs of con- 




Fig. 8d. 




Fig. 89a. 

siderable merit, consisting of two frames (the shape of 
which might vary considerably) hinged together at A, and 




supported on hinges at B and C. The direction of the 
sustaining forces at A and B is to be determined as for a 
simple pair of beams hinged at A, B, and C. Let w be 
the whole weight carried by the two beams, and let the 
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centre of gravity of this weight lie in the«vertical line 
wa, fig. 89a; let the point a be the point where the 
prolongation of the less loaded beam AC cuts this vertical, 
then the thrust at B and C is obtained by resolving the 
force au equal to the whole weight into the two com- 
ponents ac and ab in the direction of the lines aC and aB. 
This thrust being known, the stress on each member of 
each frame can be easily computed by a reciprocal figure or 
otherwise. This form is only inferior to the true framed 
arch or suspension bridge inasmuch as it is incapable 
of balancing the thrust due to the passing load on neigh- 
bouring spans. It is superior to the framed arch and 
suspension bridge inasmuch as it cannot be strained by 
any change of temperature 

VII SUBSTRUCTURK. 

§ 64. Preliminary. — The substructure of a bridge com- 
prises the piers, abutments, and foundations. These por- 
tions of the bridge usually consist of masonry in some 
form, including under that general head stone masonry, 
brickwork, and concrete. Occasionally metal work or 
woodwork is used for intermediate piers. 

When girders form the superstructure, the resultant 
pressure on the piers or abutments is vertical, and the 
dimensions of these are simply regulated by the sufficiency 
to bear this vertical load. 

When arches form the superstructure, the abutment 
must be so designed as to transmit the resultant thrust to 
the foundation in a safe direction, and so distributed that 
no part may be unduly compressed. The intermediate 
piers should also have considerable stability, so as to 
counterbalance the thrust arising when one arch is loaded 
while the other is free from loacL 

For suspension bridges the abutment forming the 
anchorage must be so designed as to be thoroughly stable 
under the greatest pull which the chains can exert. The 
piers require to be carried above the platform, and their 
design must be modified according to the type of suspension 
bridge adopted. When the resultant pressure is not 
vertical on the piers these must be constructed to meet the 
inclined pressure. In any stiffened suspension bridge the 
action of the pier will be analogous to that of a pier 
between two arches. 

§ 65. Stability, — When the magnitude and direction of 
the thrust borne by a pier or abutment at the springing 
are known, the stability of any series of masonry blocks 
forming the pier or abutment may be studied by drawing 
lines showing the direction and magnitude of the resultant 
force on each joint. This may be done as for the voussoirs 
of an arch. The thrust on the upper block may be con- 
pounded with the weight of that block, the resultant com- 
pounded with the weight of the next, and so forth, until the 
direction and magnitude of the thrust on the rock or earth 
foundation is determined. 

A better method of making the drawing is shown in fig. 91 ; 
find the centre of gravity C^ of block 1, the centre of gravity C,, of 
blocks 1 and 2 treated as a single mass, similarly G,„ for blocks 1, 
2, and 3 Let AT be the direction of the thrust on the top block, 
and C,B, a vertical line though C, cutting AT in B, ; let B^D, be 
the direction of the resultant of t^ the thrust acting in the line AT, 
and w, the weight of the first block acting in the line C^B^ ; and 
let D, be the point where the direction of this resultant cuts the 
first joint; similarly let B,^D,, be the direction of the resultant of < 
and the weijsjht w^-\-w^, of the first two blocks; B^^D^,, the direction 
of the resultant of t compounded with the weignt «;, + w,, + to,^, of 
the three first blocks, &c., &c. This method of proceeding gives 
the direction and magnitude of each force and centre of pres- 
sure D independently of the values obtained for the preceauig 
joints. For stability the Une BD must not make a greater 
angle with the normal to the joint than the angle of repose ; and 
the point D must nowhere fall beyond the edge of the joint ; for 
strength and safety the point D might be required to fall within 



the middle two-thirds of the joint, jr within the middle three- 
quarters. The theory by which the joints farthest from the centre 
of pressure would open when the centre of preasore leaves the 
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Fig. 91. 



middle third cannot apply to such a structure as a masonry abut- 
ment, all parts of which are bonded together. Professor G. Fuller 
calculates the thickness of abutments oy the following empirical 
rule, deduced from many practical examples: — Let c = half the 
span in feet ; d = versed sine in feet ; t = thickness of abutment at 
springing ; then, for flat arches, in which the span does not exceed 
150 feet, and the ratio of the rise to the span is not less than 116, 

we may write <= '17 ( ^ + c2 ] . From the springing to the base 

the abutment may have a batter of 1 in 4. This gives an abutment 
the cubic capacity of which will be sufficient, but it may with ad- 
vantage be divided into abutment proper and counterforts ; in semi- 
circular arches t should be taken as the thickness of the abutment 
at a height above the springing equal to two-thirds of the radius. 
The maximum intensity of stress on the stone at the edge F odght 
be approximately found by the theorv explained in § 8. This 
theory finds a useful application in calculating the maximum inten- 
sity of stress which a given foundation might produce on the earth 






^^ 

Fig. 92. 

or rock supporting it. Thus, let the section of the foundation under 
eonsideraUon be 1 foot in breadth, 8 feet in length from F to G, 
as shown in plan, fig. 92 ; let the centre of pressure D be 2 feet 
from FF, and let the total resultant thrust be about 16*6 tons, in- 
clined so that the horizontal component is 4 tons and the vertical 
component 16 tons, then the mean vertical intensity of pressure 
per square foot is V = ^ <^d the maximum intensity along the 
fine FF, is by equation 2, § 8— 

2|l + (4x2x8)~ 1 = 6, 

this maximum intensitv being 2^ times as great as the mean intensity. 
Obviously, although for the sake of appearance the courses of 
masonry in the abutment of an arch may oe left horizontal in the 
face, the stability is increased bv inclining them at a proper angle, 
so that they lie normal to the thrust. 

The stability of abutments may be tested by taking 
moments round points in the joints selected as the points 
beyond which the thrust must not come. The same 
methods apply to the anchorages of suspension bridges, 
and to intermediate piers, whidi are intended to take a 
given horizontal thrust. When metal or wooden piers are 
adopted their weight will generally be insignificant, and 
such as may be neglected in calculating their stability. 
Metal-work piers or wooden piers usually consist of 
wrought or cast-iron frame work, and the stress on each 
part of the frame, as well as the resultant atreas on the 
foundations where each upright member reaches il| is 
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aasilj calculated hy the method ot reciprocal figures or 
otherwise. 

Occasionally metal piers are continaooB metal atructurea, 
such ae caat-iron cyliadeis. The mazimam intenaitj of 
BtreBs can then be calcoUted by resolving the thrust en 
the upper part of the pier into a horizontal and a vertical 
component calculating the bending moment prodnced on 
each horizontal cfobb section by the horizontal component, 
and adding the intensity of stress caused by this bending 
momcEt to the mean intensity caused by direct compreaBion. 
The manner in which any metal-work pier is held by its 
foundation against a bending moment will require special 
consideration; the resultant prassure should always fall 
well within the base. 

$ 66. Pradiee. — In the design of the nsnal masonry bridge 
the thickness of the pier is generally determined by practical 
considerations. In small aichee the pier is made thick 
enough to allow the two rings of the two abutting arches 
to spring from the pier without interfering with one 
another, a clearance of about half a brick being often 
allowed between the two rings. In larger arches the piers 
will generally be found to vary in thickness from -Jth to -^th 
of the span, with a slight batter (i.e., with w^ spread- 
ing outward towards the base). In very old bridges 
piers are sometimeB found equal in width to the open- 
ing of the arch. In large bridges, or with very high 
piers, care must be taken that the pressure per square 
foot on the masonry or foundation does not exceed a safe 
value. The brickwork in the piers of Charing Cross bridge 
is subject to a compression of 9 tens per square foot ; 
four or five tons is a much more usual load. Eight 
tons per square foot may be considered a maiimnm for 
rubble stone-work, and perhaps 20 tons for the best dressed 
ashlar. Strong concrete may be trusted with Stons ; firm 
rock foundations with 9 tons, soft sandstone with 2 tens, 
and firm earth with from 1 to 1^ tons. The depth of the 
first course below the surface (on dry laud) should not be 
less than 3 feet in sand and 4 feet in clay. 

When framework, either of wood or iron, is used as a 
pier, care must be taken by cross-bracing to provide against 
*ike effect of wind and vibration. 

§ 67, Site. — ^The site proposed for a pier must be carefully 
examined by borings ; the ground should be oniform, for 
if a pier reste partly on one formation and partly on another, 
unequal settlement will certainly occur, even it the weaker 
formation be such as would have been amply strong enough 
to bear the pressure had the pier been wholly founded 
upon it. Solid rock may be considered the beet foundation, 
but where rock is broken up by cracks or other inequalities 
it is inferior to such formations as uniform gravaj, chalk, 
and some kinds o( sand and clay. Theee foundations may 
be described as incompressible. The worst foundatiomt 
are afforded by those formations which can be compressed 
or squeezed out sideways by the imposition of weight, 
Muddy earth, certain days, and certain sands are of this 
nature. Alt«mate beds of stone and slippery clay are very 
treacherous. The foundation should be dressed level so 
that the masonry may everywhere start from the same 
height, and therefore settle equally. Unavradable in- 
equalities are better filled up by concrete than by masonry. 

For fonndations in water it is very important that the 
ground should not be such as can be scoured away by the 
current or wash of the water ; many bridges have failed by 
the undermining of the piers due to this cause. Specie] 
precautions, to be presently described, must be taken 
aguinst the effects of the scour if the soil itself is not of e 
sufiiciently resisting nature. The piers must be so placed and 
formed that the obstruction to the flow of water may be as 
small as possible and the effect which the piers will hav« 
in altering the level of the stream above and below the bridge 



must be considered. Data as to the maximu m flood waters 
to be provided for must be examined ; and provision must 
in some climates be made against ice by suitable cutrwatera 

: fenders, an example of which is given in fig. 93, showing 

pier of the Victoria Bridge, Montreal 




Kio. B3.— Side ElevMion and Plan of Pitr. 

j 68. Afode of Founding m ITafer.— The chief difficulty 
met with by an engineer about to erect a large bridge over 
a deep stream is to secure a sound foundation for the 
piers. The following are some of the principal methods 
of building piers in or under wat«r : — 

Coferdami. — Cofferdams are embankments or dams which 
surround the site bo as to exclude the water from it. They 
are formed in general by driving two rows of piles round 
the site so as to enclose between them a water-tight wall 
of clay puddle ; in depths of less than 3 or 4 feet, where 
there is little current, a simple clay dam may be used. In 
greater depths, the timber walls consist of guide piles at 
intervals, with some form of sheet piling between them i 
in extreme depths the timber walls may be composed of 
stout piles driven in side by side all rotmd. The dam 
must be sufficientiy strong to bear the pressure of the water 
against the outside when the space enclosed has been 
pumped dry. Bankine states that the common rule for 
the thickness of a cofferdam is to make it equal to the 
height above ground if the height does not exceed 10 feet, 
and for greater heights, to add to 10 feet one-third of the 
excess of the height above 10 feet The " Cours de ?onta " 
at the school of the Fonts et Chauss^, states that a coffer- 
dam need never be made of greater thickness than from i 
to 6 feet, as the interior can always be sufficiently stayed 
inside. This method of fonnding is now seldom practised ; 
it is costly and causes great obstruction in the stream. 

CaitsoTi*. — Some fonndations have been constructed aa 
follows : — A level or nearly level bed was prepared in 
the stream by digging or by driving piles and sawing off 
the heads at a umform depth ; a huge timber box, called 
a caisson, was then filled with masonry, and sunk on the 
foundation thus roughly prepared. This method is now 
abandoned. It was peculiarly liable to danger from the 
scour of the etream. The name caisson is also sometimes 
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applied to a mere frame with wooden walla which ia floated 
to the site of the pier, and there sunk so aa to form an 
encloeure, inside which concrete can be shot and can set 
andisturbed by the wash of the water. 

Concrete in a shell ia a name which might be applied to 
aU the methods of fonnding a pier which depend on the 
Tei7 valuable property which strong hydraulic concrete 
possessee of Retting into a solid masa under water. The 
required apace ia enclosed by a wooden or iron shell; the 
aoil inside the shell is removed by dredging, or some form 
of mechanical excavator, until the formation ia reached 
which ia to support the pier ; the concrete is then shot 
into the enclosed space from a height of about 10 feet, and 
rammed down in layers about 1 foot thick ; it soon con- 
solidates into a pennancDt artificial stone The shell, 






unless of small size or very strong form, requires to be 
braced to meet the outward pressure of the concrete. The 




Piu. 95. — Csluon (ued for s Bridge over the Cha. 

concrete used for this purpose ia often caUod b^ton, to 
distinguish it from ififeiipr mizturee used for foundations 
on land. It may consist 
of angular stones ij 
to 2 inches diameter, 
mixed with strong hy- 
draulic mortar in the 
proportion of from one 
to two volumes of stones 
with one of mortar; the 
final volume may be 
from I to I of the un- 
mixed materials. Btton asad at Biarritz consiated of one 
part Portland cement, two parts sand, and three parts 
broken stones ; at Genoa one part rich lime, two part* 
pozzuolana, three parts broken stones. 

Fig. 9i shows a section of foundations constructed by 
filling a casing of piles with concrete in this manner; the 
^ell is protected against scour by large stonw heaped round 
the ouUide, part of the loose earth having been iflmoved 
Vy digging. Fig. 94a shows the manner in which the 




concrete foundation was fioiahed after removal of the 

temporaiy external wall ahown in fig 94. 

Figs. 95 and 95a show a longitudinal elevation and 

croas section of a wooden shell, or caisaon without a 

bottom, intended to be sunk to receive concrete. Cast-iron 

guide piles and aheet piling are also used for this class of 

foundatioiL 

Catl-iron tubular thelU are now frequently employed ; 

the tube forms a large hollow pile, which may descend into 

the ground by its own weight, or by added weight while the 

soil inside ia removed by some kind of dredge or excavator, 

such as Milroy's, worked from the surface. When the 

lower edge of the shell has penetrated the formation to be 

used as a foundation, the water inaide may be pumped out if 

the soil forms a water tight joint, or the ^ell may simply btt 
filled up with concrete shot into th« 
enclosed water. The piera of Char- . 
uig Gross bridge (fig. 96) were con- 
structed in this way; the excavation 
inside the tube (14 feet diameter), 
was carried on 1^ divers with helmets 
until the shell had entered a few feet 
into the London (day, The water 
was then pumped out snd excavation 
contmued ; the cylinders were loaded 
with about 150 tons to sink them to 
the final depth. 

Compreiied air is now very gene- 
tally employed inside a metal shell 
for those foundations in which the 
excavation requires the presence of 
workmen at the bottom of the shell. 
The metal shell is open at the 
bottom, but air-tight and water-tight 
at all other poiute ; there is a chamber 

called an air-foci at the upper part. This " air-lock" serves 

for the exit and entrance of the workmen and materials ; 

the air in this compara- 
tively small apace is 

lowered to the pressure of 

the atmosphere before the 

chamber is opened for the 

passage of men or materials 

to the open air ; the air is 

again compressed in the 

air-lock before it is opened 

for communication with the 

body of the shell in which 

the air is permanently kept 

at such a pressure as njll 

keep the water down to the 

required level The shell 

thus acts as a diving bell 

acts. It is found that men 

cannot in general be aafely 

employed nnder a greater 

pressure than two atmo- 
spheres above the ordinary 

atmospheric pressure, cor- 
responding to a depth in 

water of about 65 feet 

The centre pier of Saltash 

Bridge was, however, in 

1855 by this plan carried 

down to a depth of 87 

feet 6 inches below high 

water. Becently the 

foundations of tlie St 

Louis bridge at CSncinnati 

have by t^ same method been estaUished at ft dspta of 
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110 leet fnim the amface of the water. Figa. 97 Eud 
97 A show the pier of tlie bridge of ArgenteoiL Excavo- 
tion yiai carried ou in the 
lowet chamber, iJie loof of 
which waB Terj strongly built 
of metal, and aerved aa the 
foundation for masoni; aod 
concrete bnilt np ronnd an 
inner tube, serring as a pass- 
age for men and matwiaU 
to the upper chamber and 
"air lock." This lock is 
formed of two concentric 
cylindera of 3-9 feet and 108 
feet diameter respectively 
(fig. 97a). The Emnnlar 
■pace was divided by two 
vertical partitions; the doors 
of commnnication (which 
were air-tight) were 1*8 feet 
wide and 2*14 feet high. A 
small engine worked the 
hoist by a stnffing-boz passing 
through the sbelL A safety- 
valve is of coiuBe required. 
The upward pressure of the 
air requires to be counter- 
balanced by weights. Id 
the Aigenteuil bridge this 
necessary weight was afforded 
by the masonry built in the 
tube as the tube sank. This 
. plan seems preferable to the 
method of loading the shell 
externally with pig or r^way 
iron. Frequently, owing to 
the tenacious nature of the 
soil, the water cannot be driven out below the tube, and 
in that case a syphon must be provided passing out at the 
top. The Argenteail tube was sunk at a 
mean rate of about 18 inches per diem. 
This method is not confined to cylindrical 
tubes. Fig. 98 shows the method em- 
ployed in building the piera of the bridge 
at Kehl over Hxe Rhine. In this cose 
four rectangular working chambers were 
sunk side by side and bolted together ; f^g g-ja. 

each chamber communicated with the 
surface by two air-passages, and one central elliptical passage 
which remained full of water. This central passage served 
for the exit of tbe excavated material. A moss of concrete 
was built resting on the working chambers, and contained 
by wooden framework. The concrete was added at the 
top above water as the foundations gradoally sank. At 
Mantes and Chalons wrought iron caissons, shaped like 
the usual masomy piers, have been sunk by analogous 
methods. 

The method of sinking cylinders by compressed air wa£ 
invented by Ur Triger in 1841, and was first used on a 
large scale by Iffr Hughes at Rochester. The tubes at this 
bridge were designed to be sunk by having the air exAaiuted 
inside the tube, a B3rBtem invented by Dr Potts. 

§ 69. PiUi are used either to enclose a space or to bear 
pert of the weight of a structure ; for the former purpose 
a wooden pile may be a round or square pointed piece o( 
timber, 6 or 9 inches in diameter aad 8 or 12 feet long 
Bearing piles' may be of any dimensions which can practi- 
cally be procured, and several lengths of timber are often 
jointed so as to fonn one long strut The point is armed 
with metal, and the head protected by a metal ring, which 




prevents it from spreading when struck by the iwnmer 
which drives the pile. Beanog piles are usually placed at 
a distance from centre to centre not less than 2 feet 6 
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inches or more than 4 feet ; 3 feet is a common distance. 
The diameter of bearing piles varies from 9 inches to 20 
inches ; a pUe may be considered to be driven home 
when, with thirty blows of a ram weighing 800 fii and fall- 
ing 5 feet, it does not move |th of on inch (Eankine). A 
French rule gives as a limit ^ inch motion with twenty-five 
blows from a ram weighing 6 cwt and falling 4 feet 3 
inches. A pile which does not move more than thia will 
bear from 600 to 1000 lb per square inch. This would 
give a load of 60 tons for a 13-inch pile; if, as is more 
nsnol, the load be only 8 or 10 tons for a 13-inch pile, the 
ultimate rate of descent may be three, four, or five times 
OS much as the above. 

Piles are used as foundations in those grounds which 
are compressible, or which would be squeezed out from 
beneath masonry under the weight to be borne. The wooden 
bearing piles are usually sawn off so that all the heads may be 
level, and a wooden grating or platform reste on the heads, 
over which the concrete or masonry pier may be built ; in 
other cases the piles come up for some distance into the 
concrete. An external row of wooden piles is not nnfre- 
quently employed as a precaution against scour, but these 
should always be further protected by a stone Imnk, which 
will continue to protect the pier if the piles decay. A 
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ing the ceatre bed of the river with a concrete or stone 




Fio. 99.— Aqneduct of Gu*Ud over the AUior. 

floor, aa in fig. 99, representing a pier of the aqueduct 
crossing the Allier at Qn^tin. 

Cast-iron guide piles (usually hollow tubes) ore used for 
the same purpose as wooden guide piles. They may be cast 
with grooves down one edge in which sheet pUing is held. 
Cast-iron and wooden piles are frequently used as part of 
the open-work metal or wooden framing of piers. In 
situations where these piles are not liable to injury by ice, 
floating timber, or barges, this constmction is very econo- 
mical. Fig. 4, Hate XIX. shows the Crumlin viaduct, with 
piers of this character, the cooBtruction of which will be 
more fully described in paragraph 79. 

Fig. 100 shows the Portage bridge (234 feet high) span- 



varies from oue-h&lf to on»-fourtli of the est«mal diameter 
of the blade. The pile Is turusd by lavors radiating from 
its head. In one example of their use (Rankine) the pile 
was screwed in by four levera, each 40 feet in length, with 
eight bullocks harnessed to it The screws were 4 feet 6 
inches in diamet«r, and the working load borne hy tiiem 
was 100 lb per squai« inch. The piles were acrewed from 
20 to 46 feet deep in c.rtb. 

Site pila have been used in sand. These pilea had a 
flat flai^ at the bottom, and water was pumped in at the 
top of the pile, which was weighted to prevent it from 
rising. Sand was thus blown or pumped from below the 
piles, which were thus easily lowered in ground whitih had 
baffled all attempts to drive in piles by blows. In ground 
which is of the nature of qnickstmd, piles will often 
slowly rise to their original position after each blow. 

§ 71. WelU.~ — In some soils foundations may be ob^ned 
by the device of building a masonry casing like that of a 
well and excavating the soil inside ; the casing gradually 
sinks and the masonry is continued at the surface. This 
method is applicable in ninniog sands. The interior of 
the well is generally filled up with concrete or biick when 
the required depth has been reached, but in some cases a 
mert floor or inverted arch would be preferable; 

VIIL EXAMPLBS. 

} 72. The task of selecting a limited number of bridges 










Pia lOtl — PortagoBridga. 
ning the Genesee River, ia tne State of New York. 
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Fio. 101.— Pods SobUiin*. 

which shall represent the gradual progress in the art of 

construction and illustrate our present practice is one ot 

much difGculty. Many very 

admirable and interesting 

structures must necessarily be 

passed over in silence, and 

space will not admit of full 

details being given even of 

those bridges which arenoticed. 

§ 73. Bridget bnilt be/ore 
(Aeynar IOOOa.d. — Eerodotos 
mentions a bridge erected by ^^ 
Nitocris over the Euphrates at 
Babylon. It appears to have 
consisted of atone piers con- 
nected by planking, which was 
removed at night The river 
was diverted to allow the piers 
to be built Diodorus Siculus ascribes the work to 
Semi ram is. 

The first bridge constructed at Rome was called the Pont 
StAlii^iu, or wooden bridge (tublica meaning a stake or goblkUii 
pile). It is said to have been built by Ancus Martins, and Bridge. 




Fig. 101a. 



piers are large wooden frames. 

5 70- Screw pila are cast-iron pilea which are screwed _ , _, . 

into the soil instead of being driven in. At their end is rebuilt by the chief priests, who from this circumstance 

fixed a blade of cast-iron from two to eight tjmes the were called " Funtifices." Fig. 101 shows the design of 

^^amater of the shaft of the pile ; the pitch of the screw this bridge as restored by Colonel Emy {TraUi dt Part 
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dt la eiarpeitUrie) from the descripttotu given in the his- 
torians. Tbia was the bridge defended by HoretiuB Cocles. 




Fig. 102, also taken from the work of Colonel Emy, is in- 
tended to represent the design of the bridge thrown across 



the Rhine in ten days by Julins CEear {De Bell. Gall. iv. 17). 




Fro. 103.— Pot 



The Pont Mitvita (fig. 103), now Ponte Molle,was built Pons 
a mile and a halt from Rome by the Censor jElios Scaurus, UilTiuB. 
about 100 B.C. Some part of the fitst bridge ia supposed 
to remain, although it has been altered from time to time. 
The arches vary in their opening from fil feet to 79 feet 
9 inches; the waterway between the piers is 413 feet 3 
inches ; the breadth of the bridge, 28 feet 9 inches ; these 
dimbnsiona are given on the authority of Creay (Encyclo- 
pcedia of Civil Enginteriitg). The follovring bridges also Other 
crossed the Tiber at Borne :— The Ptms Palatinug, which E""'" 
stood on the site of the present Ponte Rotto ; the Pont 
Fabridxit and Pont Cettiut, which still remain ; the Pont 
Janicalanut, which occupied the site of the modem Ponte 
Sisto i the PoTit Vaticanut, which has disappeared ; and 
tho Pont jElivt, built by Hadrian (13 a.d,), now the bridge 
of St Angelo. This bridge (fig. 1 04) was repaired by Popes 
Nicholas IIL and Clement IX. The largest arch has a span 
of 62 feet 4 inches, and the width of the bridge ia 50 feet 
9 inches. 

The bridge erected by Trajan (104 a.d.) across the Tr^jui 



bridges. 




FlQ. 104. — Biidga of 3. Aogelo. 



Danube, just below the rapids of the Iron Qate, has been 
the subject of much controversy. The drawing (fig. 105) 
was originally taken from a bas-relief on Uie Trajan column 
at Rome. A description of the bridge is given by the ancient 
historian Dion Csssius, who states that the bridge had 
twenty piors of hewn stone, 160 feet high and 60 feet 
wide, with openings between them of 170 feet, spanned 
by arches. Doubt has been thrown on the accuracy of 
this description, because the design shown in fig. 106 is 
obvionsly unsuited to a span of 170 feet; nevertheless 
thirteen piers are still visible out of the twenty, according 




Pia. 105. — Tr^ui'i Bridge 
to Murray's Sandlook The writer has not been able to 
find any accurate measurement of the width between these 
piera, but as the Sandbook speaks of the length of the 



bridge as perhaps 3900 feet, and as the Conte Marsigli, 
writing from personal observation, in a letter to Yontfaucon, 
givee tiie total length as probably 3010 feet, there can be 
no donbt that the spans were very considereble, and that 
the representation of the design in the bas-relief is almost 
wholly conventional I'he one point as to which it gives 
clear information, not supplied elsewhere, is that the 
Buperstmcture was of wood. The piers seem to have been 
founded by sinking caissons. Murray's Handbook gives 
the depth of the river as IS feet. ApoUodorus of Damascus 
was the architect of this remarkable bridge. The bridge at Rimiiil 
Rimini, built during the reign of Augustus, was especially 
admired by Palladio (Rondelet, L'Art de bdtir). The 
bridge at Karni, on the road from Loretto to Rome, also NunL 
built by Augustus (Montfsocon), and the bridge of 
Alcantara over the Tagus, bnilt in the reign of the Emperor Aiant«», 
Trajan, are often cited as remarkable works. 

^e Romans frequently adorned their bridges with a 
triumphal arcL A small example of this kind of bridge 
at St Cbamas, in France, is shown in fig. 105 (Creay's .£«- BtChunm 
e$fdopcedia of Civil Enginteritig^. The span of the arch is 
42 feet, and the voussoirs are 3 feet 5 inches deep. Fig. 
107 hows the bridge of Narsee, built in the 6th century, Pont* 
and which carried the Via Salaria across the Anio or Saluo. 
IV. — 41 
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Teverone. This bridge was blown up during the panic walL Owing chiefly to the excellence of the mortar 
caused by the approach of Qaribaldi to Rome in 1867. employed, this arch withstood a flood which roee neaiif 

30 feet above the spriogiug of the arch. This atmcttue 
is one of the many " Devil's Bridges." 

In the year 1178 a famous bridge was begun over the Aiipa 





Pla. IM.— BnilgB «t St 



We see here, perhaps, one of the earliest examples of the 
castle built to protect the bridge against au enemy or 
to enforce payment of a toll, — the bridge and castle of 
medinval romance. 

§74. lOOO to 1300 A.D.— A very bold arch over the 
Serchto near Lucca is shown in plate 58 of Hann and 
Hoaking's treatise, with the approximate date of 1000 A.D., 
but the authority for this date is not given. The span of 
the arch is 120 feet, and the roadway, which stands at a 
height of more than 60 feet above the water level, is only 
9 feet wide ; in fact the arch is little more than a brood 



Fio. 107— Ponte Ebbro. 
Rhone at Avignon by Saint Benezet, the head of one 
of certain wHgioua confraternities, which undertook the 
building or repair of bridges during the Middle Ages, 
and were called Fratres Poutis or Hospitalarii Fontificea. 
The bridge was fioished in 1188. Four arches still remain, 
and are remarkable in having an elliptical outline with 
the radios of curvature smaller at the crowu than at the 
haunch, a form which accords more truly with the linear 
equilibrated arch than the modem flat ellipse with the 
largest radius at the crown. A description and drawing 
of this remarkable bridge will be found in the Dietionmairt 
raummee iTArMteeiure of H. VioUet-le-Duc 

A religious confraternity, fonnded in the flrst instance by 
a certain Mary, the maiden daughter of a fenyman, is 
said to have bailt a timber bridge near the site of the 




Fig. 108.— Old London 

present London Bridge, but it seems quite uncertain when 
the first bridge over the Thames was built. There is little 
doubt, however, that it was of timber, and had frequently 
to be reconatructod. Stow, in his Survey of tht Citiet of 
London and WatmintUr, gives a description of the build- 
ing of the first stone structure, commonly called Old Lon- 
don Bridge, Plate XVIII. fig. l.i 

Heavy repairs were frequently necessary, and the timber 
houses built on the bridge were often burnt down ; yet the 
main atmcture appears to have remained unaltered until 

> " About the yeu- 1176 the itone bridge over the river Thamea at 
London wu began to be fonnded by the foresaid Peter of Colechnrch 
(called prieat ud chmpUin before}, " near unto the bridge ot timber, 
bat mors towerdi the west, for I raid that Botolph's wharf was in 
the Conqueror'! time at the bead of Loudon Bridge. The king 
tsaistad thii work, a cardioal then being legate here ; and Richard, 
archbiihop of CantarbnTj, gave one ^auaand marka towards the 
(oondatiau. The eoarse of the rivst for the time waa tnmed another 
*ay about by a trench east for that jmrposs Ugiiuiing, as is sup- 120G." 



.. 1.00. 

the beginning of this century. It does not seem improb- 
able that Peter of Colechnrch and Saint Beneiet may 
have been in communication with one another, both being 
heads of religions bodies engaged in similar works at the 
same time. Their letters to one another would interest 
engineers. A French brother Isembert, from Saintes, suc- 
ceeded Peter as engineer for London Bridgs. 

Stow describes the partial rebuilding of the timber 
houses in 1616 : — 

" The building was of timber, very substantial and beantifiil, for 

posed, east about Rotherhithe, and ending in the «Mt about Patrick- 
Key, now termed Battersea. This work, to wit the archei, chapel, 
and atone bridge over the Thames at London, having been tUrtj- 
thrte jeara in building, waa, in the year 1209, finished by the 
worthy merchanlfl of Londoii — Serle Hercar, William Almaine, 
and Benedick Botewrite, principal masters of work ; for Peter of 
Colecburcb deceased four years before the work waa finished, and 
buried in the chapel boilded on the same brid^ In the year 
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ihe hooBea wers Uiree itories Ugh, Ixddei the oelUn, which 
within uid between the peen, and over the hoom were stately 

pUtfornu leaded with nila and ' 

modious and 
p and down' 
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B and ballajtera about them, rtry &>m- 

1 pleaaant for walking and eojoTinic so fine a ptcapect 
ro the river, and sonls had jirett? little gardens with 



The passage between the honeu was made 20 feet ; pre- 
Tiously it had beea but 14 feet, and in some parta 12 feet 
These beautiful houses were banied in 1666, whan they 
were replaced hy a still finer pile of buildings, with a 
uniform roadway of 20 feet in width. Fig. 108 showa the 
bridge as it appeared in 1700. 

'The piers varied in thickness from 26 to 34 feet, and 
were rajsed on strong elra piles, covered with thick planks 
bolted together. The openings in the arches varied from 
10 feet to 32 feet 9 inches. The whole waterway was 336 
feet 9 inches, two-thirds of the stream being occnpied by 




Fio. 109. — Croyland BndeC' 

§ 75. 1300 to 1700 A.D.— The strange triangular bridge 
at Croyland (fig. 109) is another example of a bridge prob- 
ably built for or by a religious body. This atructore 
stands at the confluence of the Welknd, the Nyne, and the 
Catwater drain ; three painted arches, having their abut- 
ments at the angles of an equilateral triangle, meet in the 
middle, giving three watercourses and three roadways. 
Each arch has three stone ribs, and the nine meet in the 
centre. Croyland "triangular bridge" is alluded to in a 
charter of the year 943 ; from the character of the masonry 
the present structure is supposed to have been built in the 
beginning of the 14th century. A bridge over the Trent 
at Boston, 1534 feet in length, and consisting of 34 arches, 
was also built by a religious community under Abbot 
Bernard. 

Fig. 110 shows the old bridge at Saintes aa M. Viollet- 
te-Duc considers that it appeared towEtfda the end of the 
14th century. The following description is abridged from 
his Dictiottnaii^ raitonnie ^ArekiUcture : — 



" The flrst gate appeared on the right shore of the river, on the 
side of tile Faabonrg dea Dames : next came the Roman arch, the 
nppcr part of which was crenelalid during the Middle Agea ; next on 
the aide of the town stood a tower of oval plan, through which the 
road lay ; the town gates with Banking towers closed the end of 
the bridge. From the first rate to the Roman arch the bridge was 
of wood, as was also the caae between the great tower and the town 
gates, so that by the removal of this part of the roadway all com- 
munication could be cut off between the town and the towei as well 
aa between the bridge aud the Faubonre ; moreover, the panpeta 
were crenelated, so utat the garrison of the town could at will stop 
all navigation." 

Clearly it was quite as important in those daye to be able 
to arrest as to facilitate communication between the two 
sides of the river. 

The architects of the Renaissance showed great boldness 
and originality in their designs. The largest arch known 
to have been built spanned the Adda at Trezzo, constructed 
by order of Bernabb Visconti, duke of Milan (latter half of 



14th centuiy. This bridge is described 
Hosklng'B Bridguj as having consisted of "■ 
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n Hann and 
single arch of 
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granite, verj well constructed of stones in two courses, 
the innermost 3J feet thick in the direction of the 
radius, the outermost 9 inches, the span at low water 251 
feet ; the river rises eometimee 13 feet." The radios of 
tlie arch was 133 feet. This noble bridge was destroyed 
by Cannagnola. 



niiiniiiiiiiiill 




Fia. 1 1 1. — Bridge over the Tlcino at Pavia. 

The covered bridge over the Ticino at Favia (Gg. HI) Pavta. 
was erected, under Oian Qaleazzo Visconti, about the end 
of tlie 14th century. This bridge, which still ezifit«, has 
seven pointed brick arches, each 70 feet in span and 64 feet 
in height J the depth of the arch ring at the crown is 9 feet 
6 inches. The tympanum is pierced ; the bricks used in 
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tlie arches are formed to suit their position, and are hollow 




FiO. lis.— Bridge of Brioade. 
in the middle to diminish the weight. The roof of the 
rood way is carried hy 100 rough granite columns. 



Fig. 112 taken from Montfancon's Antlquiti expliquie, ■B^aaii. 
shows the old bridge of Brionde acroes the Allier in France. 
Montfancon and S£guin speak of this as a Bomaa work, 
but Qauthey gives tiie date 1464 for its constroction, ai^ 
names Grenier and Estone as builders without giving his 
anthority. The design of the bridge appears to favonr the 
date given hj OaalSiey. The span was 1S3-73 P^gtit** 
feet (Renuie, Prw.. I.C.E.), the arch was a segment of 
a circle and ^e height 60 feet, while the width of the bridge 
was onl; 16 feet This bridge feU in 1822. 

The bridge of the Bialto at Venice (fig. 113) wasRUtg^ 
begun in 1688, Antonio da Pont« being the architect. Vm* 
liw span of the arch is 91 feet, the hei^t above the water 
level 24 feet 6 inches, and the width of the footway 73 
feet Erroneous statements are often met witli that Una 
bridge was built from a design by Michel Angelo ; tlie 
mistake has arisen from the miuntcTpretation of a p a wMg e 
in the works of VasarL Rondelet, in his Euai HitUtri^ue 
(ur le Pont du Riaito, gives a full account of the rival 




Fio. lis.— Bridge of the Bialto, Teairt. 



designs submitted to the senate by Antonio da Fonte and 
Palladio 

Fig 114 shows the singularly beautiful "Fonte della 
Trinitk erected at Florence ( 1566) from the designs of 
AmmanatL Those who are curious m such matters may 



observe with interest the amended design for tiiis l»idge, 
given in Uoeking's ArchUeawai Treaiue on Bridfft BuUd- 
itff, p. 241, which serves to show how easily & noble 
design may be spoilt by an alteration in the proportions of 
its parts. 




Fio. 114. — Panic della TriniU, Florence. 



A fine bridge over the Onse at York, erected in the reign 
of Queen Elizabeth, was taken down some years ago ; it is 
ehowninfig. 115. The span of tiie largest arch was 81 feet 
(Allen), and the rise 26 feet 3 inches. 

The well-known Pont Neuf at Paris was built in 1604. 
The design has no feature calling for special remark. Fig. 
116 shows the bridge over the Conway at Llanrwst in 
Wales, the design for which was furnished by Inigo Jones 
in'1634. The middle arch hot a span of 68 feet The 
structure ia easily set in vibration, and is known as the 



"shaking bridge." Further particulars concerning this 
and many other old English bridges will be found in 
Smiles's lAvei of the Engineart, chap. iiL vol. ii., edition 
1874. 

A bridge over the Senderud at Ispahan is deecribed [spaku. 
as follows in Heck's IconoffrapMe Enej/dopadia, with 
illustrations: — "It (the bri(^) ia 2260 feet long, 120 
feet high, and 156 feet broad ; the middle way is 60 feet 
broad, and the sideways are paved with marble, and the 
latter lead through aroidea, to which the aacent is by stairs 
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in tho foar towers of the bridge. Tbe bridge hea 29 oaeochfaca The roadway is 11 feet wide over the centre 




FlO. 115.— Old Bridge at York. 

arches of 50 feet spaa, and the pillars are 25 feet thick. ' 
In the illustration the arches are Uoorish, and the covered 
sideways lofty, with 3 arches of small span over each 
main arch of the bridge. The design is remarkably fine. 
Heck calls it the bridge of Barbarnh, and states that it is 
named from ite builder, but it is of unknown antiquity. 
All the bridges of Ispahan are said, in the 7th edition of 
the present work, to have been built under Shah Abbas I. 
(1585 to 1628). 

Heck mentions a bridge at Lojang in China, said to 
have a length of 26,800 feet, and another at Focheu 
22,000 feet long, both from 60 to 70 feet wide. 

§ 76. 1700 to 1817. —OldWestminster Bridge (Labelye) 
and Old Blackfriars Bridge (Mylne), both of which have 
now been removed, were built in the middle of the 18th 
century. Their failure after so short a period was due to 
a defective system of foundation and to the increased 
scour caused by the removal of old London Bridge. 

The Pont-y-tu-Prydd over the River Taff near Newbridge 
is shown in fig. 117. The arch measures 140 feet between 
the abuCments, and has a rise or versed sine of 35 feet 
The width of the soffit is 15 feet 10 inches at the springing, 
diminishing to 14 feet 5 inches at the crown by six offsets 




Fia. 116.— IJanrwst Bridge, Wales. 

of the arch. The arch stones on the face are 




FlQ. 117.— Pont-yttt-PrydJ. 
deep, the rest of the ring beiug nibble masonry. This 




Fio. 118.— Half Truss of Wittingsn Bridge. 



bridge was built by William Edwards, a self-educated 
country mason. It was completed in 1750 after the failure 




FiQ. 119.— First Areh of Schafnunsen Bridge. 

a similar structure, in which the weight of the hannches 



was excessive and orced up the crown, the depth of which 
was very smaU. This failure led to the adoption of the 
pierced spandrils. 

Fig. 1 1 8 shows half of the truss for the bridge of Wit- < 
tingen, built in 1758 by the brothers Orubenmann, prob- 
ably the finest specimen of a wooden bridge that has ever 
been constructed ; the design might be analyzed as con- 
sisting of a series of superposed trusses, as in £g. 87, which 
represents the bridge at Schaffhausen built by the same , 
engineers or village carpenters. The SchafThanseu bridge i 
(fig. 119), destroyed by French troops in 1799, had two 
openings, one of 172 feet and the other 193 feet. The 
Wittingen bridge, burnt shortly afterwards, had a span 
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of 390 feet, being the largest opening ever spanned by Darby, the owner of iron works of Coalbrookdale, was 
ynj^ the first perBon who actually erected a cast-iron arcb. ■" 

Mr Smiles states that the first attempt to build a cast- This bridge (fig. 120) crosaee the Severn by a span of 
ron bridce was made in 1755 at Lyona, and that one of 100 feet, near the town of Ironbridge, which haa sprung 

up in the neighbourhood. Each of the riba eotadxtad of 
two pieces. The design is a bold and original one, and 
tiaa been practically snccesefnl. Wearmouth Bndge, com- 
li]ei«d in 1796, ie ao arch built of open cast-iron panels, 
acting as voussoirs ; the span is 236 feet, with a rise of 
34 feet; the springingB b^n 95 feet above the bed of 
the river ; and the width of the bridge was 32 feet. It 
contained 211 tons of cast-iron and 46 tons of wrouf^t 
iron. The name of Thomas Paine, the well-known 
author, has been associated with the design of this 
bridge; but Mr L. D. B. Gordon (firat J'rofeaaor of 
Engineering in Glasgow) assures the writer that aft«t 
careful investigation he finds that Bowland Bnrdon, mem- 
ber for the county, was engineer, architect, and paymaster 
the arches was put together in a builder's yard, but that for this remarkable bridge. It was repaired and widened 
the project was abandoned as too costly, Mr Abraham by Robert Stephenson in 1868. The bridge erected by 





Fio. 121 .—Cut-Iran Briilgs *t Cnigellachis 



Telford at Ciaigellachie (fig. 121), over the Spey, in the 
beginning of this century, shows a great advance in the 
conception of what was the safest form in which to apply 
cast-iron to an arch. 

§ 77. 1817 to 1845. — Landim. Bridge and Waterloo 
Bridge. — London new bridge (fig. 40, tupra, and Plate 
XYIII. fig. 2), is as fine an example of the modem atone 
arch bridge aa can be found. The shape of the arches, 
the variation in their span, the slight curvature ef the 
roadway, and the simple yet bold architectural details, are 
combined so as to produce a singularly beautiful structure. 
It is now insufficiently wide for the traffic it has to convey, 
but all who value beauty must earnestly desire that it may 
not be disfigured by having overhanging footpaths fitted to 
it as has been frequently propos^. London can well 
afford to pay for new bridges, but can by no means afford 
to part with a single object of real beauty. 

The design was made by Mr George Kennie, and the 
acting engineer was bis brother. Sir John Bennie. The 
centre arch has a span of 152 feet, and rises 29 feet 6 inches 
above Trinity high water mark; the arches on each side of 
the centre have a span of 140 feet, and the abutment arches 
130 feet. The total length of the bridge is 1O05 feet, its 
width from outside to outside 56 feet, and height above low 
water 60 feet. The two centre piers are 24 feet thick, the 
exterior atones are granite, the interior, half Bramley Fall 
and half from Poinshaw, Derbyshire. 

The voussoirs of the centre arch (all of granite) are 4 feet 
9 inches deep at the crown, and increase to not less than 
9 feet at the springing. The general depth at which the 
foundations are laid is about 29 feet 6 inches below low 
water. Seven years and a quarter were spent in the con- 
struction of London bridge, which was opened in 1831. 
The total cost was Xl ,458,311, but the contractor's tender 
for the bri(^ alone was ^£425,081. 

Waterloo Bridge, Plate XVIII. fig. 3, is another fine 
structure of the same character (1817). 

Introduction of Sutpftnon Bridget. — It will be ob- 
served that from the earliest ages in which we have records 



of the construction of permanent bridges until very lately, 
the stone or brick arch has been the structure princi- 
pally relied on. limber bridges more or less permanent 
have also been employed for great spans, as in the noble 
bridges erected by the brothers Ombenmann (1757) ; 
and after the construction of the bridge at Coalbrook' 
dale (1777) cast-iron was not unfrequently employed 
in England. The theory of the metal arch was, however, 
very imperfectly understood, and the great metal arch of 
Southwark bridge (completed 1819), Plate XVIII. fig. 4 Somlinit 
(largest span 240 feet), is little more than a heavy and Biidga. 
wasteful imitation of a stone ring. By the use of timber 
or cast-iron instead of stone, the opening which a bridge 
could span was, however, somewhat increased. An immense 
stride in this direction was made when suspension bridges 
were introduced. A bridge of this kind over the Tees, 70 Te« 
feet in length, was built in 1741 for the use of miners. Bridga. 
Similar bridges are also said to have been used by Mr 
Finley in America, but the introduction of the modem 
suspension bridge practically dates from about 1820. (Gala- Oiiuhidi. 
shiels bridge, 112 feet in length, was constructed in 1816, 
also a bridge of similar dimensions at Peebles over the Peebln. 
Tweed). In 1819 Telford began the construction of the 
Menai suspension bridge (Plate XIX. fig. 2), in which the Heoai 
span of the catenary is 570 feet and the dip 43 feet. The Bridgat 
success of this stracture led to the construction of many 
other large suspension bridges, as M Fribout^ (span 870 
feet). Hammersmith (span 422 feet), Pesth (span 666 feet). 
This form of bridge was not, however, found suitable for 
rulway traffic ; and on the introduction of railwajrs engineers 
were for outny yean dependent on stone, brick, or cast-iron 

§ 78. Bntannia Bndge, 1846. — The design by Bobert Bntuuua 
Stephenson of a bridge to carry the Chester and Holy- Bridge. 
head Railway across the Menai Straits led to a complete 
revolution in engineering practice. Mr Stephenson's 
first conception was that of a tube portly carried by 
chains. This would have practically been a suspension 
bridge stiffened by a girder. Under Mr Stenhensou'e direc- 
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tiona, ezperimentB and calculations oa the Btrengtb and 
beat form of tubes were made by Mr William Fairbum 
(Sir William Fairbairn ) and Mr Eaton Hodgkioaon. In the 
coura.e of the experiments it was found that the tube could 
be made self-aupporting over the desired span of 460 feet ; 
and in consequence of this discovery the Conway and Menai 
tabular bridges were built, being the first great ozamplea 
of properly designed girders. Some disputes arose as to 
the real inventor of these bridges. Sir William Fairbairn 
justly claimed the great merit of first perceiving that the 
girder might be self-supporting. Mr Uodgkinson had, 
perhaps, the smallest part in the design, bat the shares 
of Fairbairn and Stephenson respectivdy cannot be very 
rigorously apportioned; nor is this now of much conse- 




Fio. 132.— Brit 



Tabular Glider^. 



quence. Both engineers wera men of eztraordinaty merit, 
and co-operated in prT>ducing the great revolution in prac- 
tice which has led to the adoption of the wrought iron 
girder as the most common type of bridge. "Hie first 
train passed through the Britannia Bridge in 1860. The 
following description of the stmcture appeared in the 8th 
edition of the present work. It will be seen that this de- 
scription is to some extent a defence of the design against 
criticisms asserting that the structure was unnecessarily 
heavy and costly. It Is true that a considerably light«r 
bridge could now be built, but some prudence in intro- 
ducing so great a novelty was certainly commendable. 

" The Britannia Bridge which carries the Chester and 
Holyhead Bailway over the Menai Straits (figs. 122andl23, 
and Plate XIX. fig. 1 ) coaajsta of two independent continuous 



wrought iron tubular beams, 1 6 1 1 feet in length, and weigh- 
ing 4680 tons each, independent of the cast-iron frames 
inserted at their bearings on the towers. They are 16 feet 
wide, and vary in depth from 23 feet at the ends to 3D feet 
at the centre. They rest on two abntments and three towers 
of masonry at a height of 100 feet above high wat«r. The 
roadway is laid along the bottom, viz., one line of rails in 
each tube. The centre or Britannia tower, which is alto- 
gether 230 feet high, is built on a rock in the middle of 
the Stmitfl. The bridge has thus four spans, viz., two 
spans of 460 feet over the water, and two spans of 230 
feet over the land. On each «de the weight of a single 
span of 470 feet is 1587 tons, and of a span of 242 feet 
630 tons. These tubes repose soUdly on Uie centro tower, 
bnt repose on roller beds on the land towers and abutmenta 
Now, these gigantic dimensions are by no means the only 
remarkable features in this work. The opponents of the 
Holyhead Road had imposed conditions on the Chester and 
Holyhead Bailway which were thought insnrmonntablB 
with respect to this bridge. The navigation was not to be 
interrupted — no scaffolding could thus be used — and the 
clear height of 100 feet was to be retained throughout, - - 




Fta laa.— BriUnni* Bridge (Psrt ElersHon of TntmUr GM«). 

arches being objected to unless the springing and not the 
centre was at this elevation. The tides set through this 
portion of the Strait with a velocity of 9 miles per hour, 
and the quiet water at each turn of the tide lasts bnt for a 
very short space of time. The tubes were designed to 
meet all these requirements ; they were so constructed at 
a considerable distance from their permanent site on the 
shores of the Straits ; they were floated upon pontoons upon 
these rapid tides to the base of the towen ; and they were 
then dmwn up by hydraulic presses to tieir required 
height They were here united through the towers by the 
insertion of shorter lengths, and ultimately brought into 
the condition of continnous beams as re^^irds strain, by 
the means employed for their junction. It is evident such 
structures would be designed specially for such varied 
circumstances, for example : — 

" As soon as they were completed on temporary platforms, 
these platforms were removed, and they became isolated 
beams ; the ends were accordingly strengthened with cast 
and wrought iron framing for this special object, and had 
they always remained there the sides might have been 
throughout considerably lighter than they are ; they now 
weigh nearly 40 per cent of the whole weight. Bui in the 
next operation, that of floating, the tubes were liable to be 
supported at any point of their length, besides being sub- 
jected to chances of considerable distortion, and to di^tera 
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wUch OB more than one occaaion did actually threaten 
their entire deatructioo. The stiffening frames and gussets, 
which ill an ordinary girder would have only been neces- 
sary at the ends, became therefore necessary throughout the 
whole length, and even the top and bottom were consider- 
ably modified, as it is evident that while overhanging the 
pontoons on each end to the extent of 70 feet, the top, 
instead of being in compression was thrown into extension ; 
the weight of the tubes was consequently much increased 
by these arrangements. Again, they had to be raised by 
being suspended freely from four chains. Provision for 
this suspension from such limited attachment had also to 
be made of a totally opposito character from that made for 
their vertical support when on tboir bed ; and, ultimately, 
when raised to their place, they remained no longer inde- 
pendent beams, but were converted into continuous beams, 
parts before in tension being now thrown into compression, 
and vice verta; while the ends which were before subject 
to no horizontal strain were now exposed to greater strain 
than even the centre of the span. And, last of all, during 
the act of raising one of these enormous masses, the press 



I from which it was sospendad burst, and one end of the 
beam fell throng a apace of no less than 9 inches on to a 
looae uneven heap of planks beneath it, bulging in the 
bottom plates, breaking all the castings, distorting seriously 
the sides and stiffening frames ; while the broken press 
itself, which descended from a height of about 100 feet 
above, broke through the top plates and completed the 
crippling of the whole section of support It may surely 
be doubted whether anything but a tube could have stood 
each unexampled violence ; and in proportioning the parts 
of a structure destined For such usage, the mere considera- 
tion of the strain to which as an ordinary beam it would 
be subjected, formed but a part of the problem ; no direct 
comparison can therefore be made between the weight of 
this bridge and an ordinary beam. If this were the case 
with the large spans, it is still more so with the small 
spans of '230 feet, which as simple beams would weigh only 
230 tons each, whereas their actual weight is 650 tons. 
But it must be borne in mind that as regards the bridge 
itself these small spans were not required at all, and that 
they were merely designed and used as counterpoises for 




ria 12S —Plan of Uigh-LeTsl Bridgs, Ksscutia. 



the large tubes, for the important purpose of converting 
them into continuous beams by their overhanging weighL 
By examining their detail, it will be found they are 
designed solely for this special purpose, their oJe as beams 
being made entirely subsidiaiy. 

"Some misapprehension exists on the object and import- 
ance of the cells of which the top and bottom of these tubes 
ia cumposed. These cells are rectangular, there being eight 
of them in the top and six of tbem in the bottom, and they 
run throughont the bridge. With respect to their import- 
ance, it must be observed that the whole section of the top 
of the Britannia tube at the centre ia 64S'25 square inches, 
and of the bottom 6S5'13 square inches, and that the tube 
is 15 feet wide ; the thickness of a single plate to ensure 
this section would therefore have been 2-7 inches for the 
top, and 2'3 inches for the bottom ; and bad such a plate 
been procurable, nothing better could have been desired, 
and the cells would be unnecessary. Such a thing, however, 
ia evidently impossible, and the engineer in this, as in 
numberless other details, had to adopt what he conid obtain ; 



now the arrangiiment of the plates in cells is almost the 
only conceivable arrangement possible for obtaining. the 
required section, allowing access, at the same time, to every 
part for construction and future maintenanca. This alone 
led to their use in the bottom of the tube, where their form 
waa totally unimportant. With respect to the top, however, 
it was of great importance, since thick plates conId not be 
had, to ascertain the best form of cell for resistaooe to 
compression that could be devised with thin plates. A 
aeries of valuable experiments by Mr £aton Hodgkinson 
led to the use of the rectangular cells as actually used, not 
because such form presented any peculiar advantage over 
any other form, as some have imagined, but because these 
experiments demonstrated that cells of that magnitude and 
thicknaas were independent of form, and are crushed only 
by the actual cnuhing of the iron itself ; nuder theee 
drcnmstances, the square ceils were used as the beet practical 
method of obtaining the sectional area required. 

" Similar misappreheuBion also exists as to the considet»- 
tions which led to the rectangular form of the tubea 
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dumselveB. Now, the raenlt of direct ezperimentB made 
If itli ronnd, oval, and rectaagular tubes — there being pre- 
eiself the same sectioa and weight in all three, and, con- 
Mqaeiitl7, different depths — was, that the circular tube was 
the weakest, and the oral tube the strongest, the rectangular 
fofm being intermsdiate. The oval tube was, indeed, first 
atudied with a view to its use. Its form, howerer, was 
not faronrable. — neither for its sctoal construction, nor for 
Its connection with the nispension chains which were 




rio. 1!6.— NawiA Dyka Bridge. 

originally intended to be used in the erection ; and practical 
OOnndetBtions, in this case, also compelled the use of the 



which -the painting has beOi attended, and the protection 
afforded by the roof, have also entirely preserved it from 
the slightest damage by oxidation ; and it is difficult to 
conceive that even the lapse of centuries can in any way 
affect such a structure, or to doubt that it will remain one 
of the most durable, as it certainly is one of the most remark- 
able monuments of the enterprise of the present century.'* 

g 79. NewcatUe High-Ltvel Bridge. Newark Dyke Bridge. N«wcii 
CrvTiUin Fiaduct.^The High-Level Bridge at Newcastle High-L 
(figs. 124 and 125, also Plate XIX. fig. 3) is a fine example ^'**«* 
of the true bowstring arch, in which there is no cross 
bracing. This bridge is also described at great length in 
the 8th edition ; but the type cannot be recommended for 
imitation, being essentially more expensive and heavier than 
a true girder. The bridge was opened by the Queen in 
1849. The design was therefore made alinoet at the same 
time as that for the Britannia Bridge, and is chiefly inter- 
esting OS showing a transitional form intermediate between 
the arch and beam. The bridge has six spans, each of 
125 feet, and the superstructure is supported on stone piers 
and abutments, the height to the soffit above high wat«r 
being 83 feet. The arched ribs are cast-iron, and the ties 
wrought iron. 4728 tons of cast-iron and 321 tons of 
wrought iron were employed in the saperstnictureL There 
are two roadways, the carriage roadway passing under the 
railway. The bridge cost £243,000. 

The solid or continuous plate ^rder soon led to the in- 
troduction of open frames, designed on similar principles. 

Newark Dyke Bridge (the earliest example of a Warren NswsA 
girder bridge) carries tie Qreat Northern line over a Djrke 
branch of the Trent near Newark. It was erected (1851- ""«* 
53) under the direction of Mr Joseph Cnbitt from the 
designs of Mr Charles Wild. 

This bridge (figs. 126 and 127) consists of four inde- 
pendent girdeiB, viz., two for each line of railway. The 
roadway is beneath the girder. The top flange of each girder 
' of a series of cast-iron pipes butting end to end; the 




rectangular tabe. It must also be remarked, that the 
result of eiperiments made on nmnd, oval, and rectangular 
wrought iron tubes, when reduced to the same depth and 
compared, was in favour of tlie rectangular form, although 
witlun ordinary limits the form was not proved to be a 
matter of very great importance. It may be added, that 
this bridge has now been in use six years, that the deflection 
hu been carefnlly teated, from time to time, with the 
vtmoat prediion, and that not the slightest perceptible 
UKxaMehaa taken plac* daring that period. Tbecarewitb 



lower flange consists of 
wrought iron links, and the 
flanges are connected by 
diagonala forming a t 
of equilateral trial 
tbese diagonals arc allei^ 
nately struts and ties. The 
ties are formed of wrought 
and the struts of cast- 
iron : the length of each side 
of these triangles b 18 feet 
6 inches. 

The length between the 
supports is 259 feet, and 
tbe depth from centre to 

centre of the Joint pins is 16 feet. The clear span between 

the abutmenta is 240 feet 6 inches. 

The weight of iron is 244 tons 10 cwL, of which 106 

torn 6 cwt is wrought iron, and 138 USlm 6 cwt cut- 
IV. — 43 
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Cramlin 
Viaduct. 



iron, to wliich mufit be added 50 tons for the platform, 
making the total weight of each bridge 294 tons 10 c¥^ 
The cost, exclusive of the masonry of the abutments, and 
of the permanent rails, but inclusive of the staging for 
fixing and the expense of testing, was £11,003. 

The Crumlin Viaduct, begun in 1853, and completed in 
1857 (fig 4, Plate XIX.), is a fine example of the Warren 



girder ; it was erected on the Taff Yale Extension Bailway 
under Messrs Liddell and Qordon as engineers, by Mr 
T. W. Kennard as contractor. The following description is 
compiled from that given in Mr Humber's work: — ^The 
length of the bridge is 1800 feet, divided into two parta, 
one consisting of seven spans of 100 feet, and the other of 
three similar spans. The greatest height of the road-way 






Fia. 129. — Common type of Wrought Iron Qiider. 



above the surface of the water is not lees than 200 feet. The 
piers are formed of cast-iron hollow columns, each 17 feet 
long and 1 foot in diameter; the thickness of the metal 
varies from 1 inch to |^th inch ; these columns are arranged 
in tiers, each containing fourteen columns, the distance 



between which at the base of the pier measures 1 3 feet 6 
inches, excepting between the centre rows, where it measures 
6 feet throughout the height. The wrought iron girders are 
150 feet in length and 14 feet 6 inches deep. Some details 
of the construction are shown in fig. 128. 
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Fio. 130. — Common tyi)e of Cast-Iron 3irder. 



Fig. 129 shows a plan and elevation and cross section 
for half a wrought iron girder of a usual type for small 
spans. Covering plates are used to connect the main plates 
of the top and bottom webs, and stiffening angle irons are 
shown at the sides. 

Similarly, fig. 130 shows a plan and elevation of a cast- 
iron girder of a usual t3rpe. 

§ 80. Niagara Suspension Bridge, — ^Fig. 5, Plate XIX, 
shows Niagara Suspension Bridge, a structure described 
as follows in the 8th edition : — 

'^ It crosses the Niagara Biver at a height of 245 feet 
above the water by a single span of 821 feet 4 inches, and 
forms the connecting link between the American States 
and Canada. 

'^ The superstructure may be best described as a hollow 
rectangular box, 18 feet deep and 24 feet wide, on the top 
of which the railway is laid, while the bottom, which is 25 
feet wide, forms the roadway for public traffic — both these 
floors are constructed of timber beams ; and each connect- 
ing side consists of a row of double posts or uprights of 
timber, each pair being 5 feet apart; between them 
wrought iron diagonal bars are made to pass, extending 
each way to the fourth pair of posts at an angle of 45 
degrees. The upper or railway floor is suspended from 
two wire cables at intervab of 5 feet, and the lower floor 
is suspended at similar intervals from two other wire 
cables which have a deflection of 10 feet more than the 



upper ones ; these cables, four in number, are each 10 
inches in diameter, and composed of seven strands, each 
containing 520 wires, making a total of 3640 wires. One 
strand forms the axis round which the other six are 
twisted. Sixty wires are equal to 1 square inch of solid 
section ; therefore the total area of each cable is 60*4 
square inches, or the total sectional area of iron support- 
ing the structure is 241 '6 square inches. 

'' Each cable rests upon a separate saddle, there being two 
on the top of each of the four towers. The saddles are 
placed on ten cast-iron rollers, 5 inches diameter and 25^ 
inches long, which bear upon cast-iron plates 8 feet square 
and 2^ inches thick, strengthened by three parallel flanges 
which form two compartments for the reception of the 
saddles. 

'' The ends of the cables are attached to cast-iron shoes, in 
each of which is inserted a wrought iron pin which forms 
the connection with the anchor chains. These anchor 
chains are each embedded in a solid shaft of masonry 7 
feet by 3 feet, enlarged at the bottom to form a chamber 
8 feet square cut in the rock. The shafts are sunk to a 
depth of 25 feet on the New York side, and 35 feet on the 
Canada side. 

'' Each anchor chain is composed of nine links, the eight 
lower links being 7 feet long, and the ninth or uppermost 
10 feet long. The lowest link consists of seven wrought 
iron bars, 7 inches by 1*4 inches each, and amounting 
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coUectiYely to an area of 69 eqnare inches. They are 
gecnred to a cafitiroD anchor plate, by a pia 3^ inches 
diameter. From the fourth link the chain curves, and the 
section is gradually increased to an area of 93 square 
inches. There are two towers at each end of the bridge, 
based npon a mass of masonry 60 feet by 20 feet, which is 
pierced by an arch 19 feet wide, forming the entrance to 
the lower roadway. The towers are 60 feet high, 15 feet 
square at the base, and 8 feet square at the top. 

" Above the floors are 64 diagonal stays, extending from 
the saddles to the euBpeoders, amongst which they are 
equally distributed; they are formed of wire-rope l^th 
inches diameter. There are also 56 stays attached at their 
upper extremities to the soffit of the bridge, and at their 
other ends well anchored to the rocks below. The super- 
structure is thus tied down as well as suspended, and all 
undulations directly resisted. 

"The bridge was commenced in September 1852, and 
opened for traffic in Uarch 1855. The total cost was 
£80,000." 

The use of two chains of 'lifi'erent versed sines is certainly 
a defect in this design. 



There are Beverol other suspension bridges in the United 
States of great span, e.g., Cincinnati, 1057 feet; Brooklyn 
1600 feet 

g 81. Salia4h, Victoria, and CMmti Bndget. Fink TVwi. Bsltwh, 
— Fig. 131 shows one span of Soltush Bridge erected by 




Fia. 131.— Span of S^ltuli Bridge. 

The span is 455 feet. The pier is a column 
or circular pillar of solid masonry, 35 feet diameter and 
from the rock foundation to above high- 




Flo. 132.~Tiiik Trnu. 



water mark. Upon this are placed four octagonal columns 
of cast-iron, 10 feet diameter, carried up to the level of 
the roadway, which is 100 feet above high-water mark. 

The Victoria Bridge over the St Lawrence at Montreal 
is a tubular bridge of great length (7000 feet), chiefly 
remarkable for its ice breakers, shown in fig. 93. 

Hg. 132 shows some details of a Fink truss as used in 



America. The mode of computing the stresses on this 
truss has already been explained in J 69. All the strati 
are cast-iron tubes. 

Fig. 133 shows one of the wrought iron arches of aCoblsnti. 
bridge over the Rhine at Coblentz. The bridge consists 
of three spans of about 315 feet each. 

$ 82. St Loui* and HHtioi* Bridge. — The St Louis and Bt Lonli 
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Fid. 133.— Arcli of Bridge st CoolcDti. 



Dlinois bridge over the Mississippi (fig. 5, Plate XVTIL) is 
the finest example of a metal arch yet erected. It is 
described as follows by Sir Charles A Hartley who visited 
it in 1873:— 

"The HissiMippl at St Loiiis is cnufiiied to a single channel 
IMOfM wide ind 8 feet deep at Bitreme low water by an embank- 
ment or levee on the Illmois side, which is carried up to the level 
of extreme high water, at which time the width is augmented to 
SSOO fbet Both abores an revetted below the low water, some with 



>w gorge throogh which the whole volnme of the 
rt ue vtftMions In the bed of the river ore very g, 
am B. Esds, U. Inrt. C.E., tite diftingnished oigi 



who deeigned the bridge and snperiDteDded its coD*tmction,fnfoniMd 
the anthor that a tiae of IS feet leas than hish-water mark caiued 
a scoor of 18 feet, and that in the freshet of 1870 the sconr reached 
a depth of Gl feet below Icw-wnter mark aloDgsiiie the eaat pier. 
These facta induced him to believe it possible that the sconr, at 
times of eitraotdinsry high Sood, might extend even to the rock 
itself. He theixfore determined to establish the piers and abut- 
ments on the rock; and this wu done by means of cu^sons provided 
with air chambera and locks at depths for the east pier and east 
abutment reaching ISS feet below high-water mark, or 110 feet 
from the surface of the watsr where the foundation work was 
actually performed. This teat, which was satisfactorily eiecnted in 
1870-71, ia quite ttuprecedented in the atuiKls of engineering. 

The piaia and abutments are composed of conned rubble 
masonry up to low>water mark. Above this level they are faced 
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